G.E. Technology Systems Manual Course Manual Preface

UNITED STATES
NUCLEAR REGULATORYCOMMISSION
TECHNICAL TRAINING CENTER

GE TECHNOLOGY MANUAL (R-304B)

This manual is a text and reference document for the General Electric Systems Course. It should be
used by students as a study guide during attendence at this course. This manual was compiled by staff
members of the Technical Training Division in the Office for Analysis and Evaluation of Operational
Data.

The information in this manual was developed or compiled for NRC personnel in support of internal
training and qualification programs. No assumptions should be made as to its applicability for any
other purpose. Information or statements contained in this manual should not be interpreted as setting
official NRC policy. The data provided are not necessarily specific to any particular nuclear power

plant, but can be considered to be representative of the vendor design.
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Course Information

TTC PHONE SYSTEM 3 S

Commercial: 423/855-6500

Incoming calls for students — see paragraph on STUDENT MESSAGES -

3. Classroom phones are a common internal line and can only be used to call other areas 1nsxde the

. Training Center. . . - . -

4. Wall phones in the 1st, 2nd, 3rd and 4th ﬂoor student lounge areas can be used for students
_makmfy outside calls. :

To make local calls: dial 9 — local nurnber

6. To make long distance calls: dial 8 — Area Code -~ Number

N =

b

Note: TTC is now on detailed billing for actual telephone usage and .all calls are listed on a
computer printout. Please limit calls home to no more.than 5 minutes, per NRC Manual
Chapter Appendix 1501, Part IV.D.5. 5

AREA INFORMATION

1. Restaurants — Eastgate Mall, Brainerd Road area
2. Hospital —— Humana in East Ridge —— Phone: 894-7870
3. Emergency Phone Number — 911

- < - =

COURSE RELATED ITEMS T L

1. Working hours are from 7:30 a.m. to 4: 15 p:fn. Classroom prese;rlfations a;re‘ from 8:00 a.m. to 4:00
p.m. Lunch break will begin between.11:30 a.m. - 12:00 p.m. at the discretion of the instructor.

2. The Course Director and Course Instructor(s) are available to answer questions before and after class,
during the breaks, and during lunch time with prior arrangement. Instructors not in the classroom
can be reached via the inside phone. Please call ahead to ensure availability.

3. All course related materials (pencil, paper, manuals, notebooks, and markers) are provided. If there
is a need for additional material or administrative service, please coordinate with the Course
Instructors.

4. Shipping boxes will be provided to the students for the mailing of course materials (manuals &
notebooks). Each student must write their name and address to which the box is to be mailed on a
mailing label and tape it to the outside of their box. The TTC staff will affix the proper postage.

5. Student registration for all TTC courses is accomplished through Training Coordinators. The TTC
staff does not register students directly.

USNRC Technical Training Center 1 i Rev 0100
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TTC SECURITY

NRC badges will be required to be worn while at the TTC. Please promptly notify Course Director if
badge is lost or misplaced.

STUDENT MESSAGES

There is a printer located in the third floor lounge area. All non-emergency student messages will be
sent to this printer. It is the responsibility of the students to check this printer for messages. If there
are messages on the printer students are asked to post them on the bulletin board above the printer.

FIRST AID KITS

First Aid Kits are located in the instructors desk of each simulator, in the second floor and third and
fourth floor student lounges in the sink cabinets, and the sink cabinet in the staff lounge on the
second floor. In addition, each location also has a "Body Fluid Barrier Kit". These kits are to be
used in the event of personnel injury involving serious bleeding. Each kit contains two complete
packets each with: 1 pair of latex gloves, 1 face shield, 1 mouth-to-mouth barrier, 1 protective
garment, 2 antiseptic towelettes, and 1 biohazard disposable bag.

TAX EXEMPTION CERTIFICATES

NOTE: We do not have Tax Exempt Certificates for lodging in Chattanooga, Chattanooga is not one
of the localities permitted to use these certificates. For alist of locations which are allowed to use them,
see the Federal Travel Directory published monthly by GSA.

Please remember that you, as students, represent the NRC and when you knowingly avoid paying
Tennessee State Tax, the results can have a negative effect on the Agency.

If you are not able to obtain adequate lodging and stay within the per diem rate established by GSA,
advise your Management Support or DRMA office so the proper authorities can be notified.

USNRC Technical Training Center 2 Rev 0100
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Student Information 'Sheet

PLEASE PRINT THE FOLLOWING INFORMATION:

Course Title:

Course Dates:

Name:

{How you want it to appear on the Training Certificate)
Social Security No: / / Job Title:
Phone No: Mailing Address:

(No P.O. Boxes please)

Motel & Room No. where you are staying:

Emergency Contact: Phone No:

Estimated Travel Cost (including transportation costs):

Name of Immediate Supervisor:

Name of Division Director: Name of Division:

Catalog No: R-304-B Grade:

(For Office Use Only)

Please provide the following background information: (Please circle one)

1. Highest Level of Education:

Doctorate Masters Bachelors Associate Other
2. Subject Matter Specialty:

Physical Math or Other

Engineering Science Statistics Science Other
3. Years of Nuclear Experience: >9 7-9 4-6 1-3 <l
4. Type of Nuclear Experience:

Commercial BWR RO/SRO Navy Test Reactor Oother

Commercial PWR
5. Years with NRC: >9 7-9 4-6 1-3 <1
6. Previous TTC sponsored training attended:
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Course Objectives
(R-304B)

The General Electric technology systems course is designed to provide the student with acomprehensive
understanding and working knowledge of the boiling water reactor (BWR/4) commercial steam electric
plant. At the end of this course each student should have achieved a basic understanding of the
following:

e Nuclear theory, reactivity coefficients, and thermal limits,

e Process systems, purposes, theory of operation, normal system configuration, and safety
related flowpaths and/or operations,

e Plant electrical system design and distribution,

e Process instrumentation systems including, logics, selected interlocks, limiters, control and
protection functions,

e PRA insights into assessing a change to the level of plant safety/risk as a result of system or
component problems or failures.
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Course Outline

for R-304B
Day Title B L Chapter'
-{ TTC Introduction E -

1 | Course Overview 1.0-1.6
Reactor Physics : 1.7
Review .

: 2 . | Reactor Vessel System o 2.1
Reactor Vessel Instrumentation System 3.1
Review

3 | Fuel and Control Rods By 22
Thermal Limits . . ' 1.8
Review . . .

4 | Contorl Rod Drive - - 23
Reactor Manual Control o 2.5
Review .

Rod Worth Minimizer System - ) . .15
‘5 | Recirculation System ceaT g 24

Recirculation Flow Control System - 12

Review : s

Reactor Water Cleanup System 2.8

6 | Reactor Core Isolation Cooling System 27
Main Steam System : 25
Circulating Water System - - . C 11.1
Review - I

. 7 | Electro Hydraulic Control System ) o 32
Condensate and Feedwater System 2.6
Review
Turbine Building Service Water System 114
Turbine Building Closed Loop Cooling Water System 11.5
Feedwater Control System 3.3

8 | Introduction to Neutron Monitoring 5.0
Source Range Monitoring System 5.1
Intermediate Range Monitoring System 5.2
Local Power Range Monitoring System 5.3

USNRC Technical Training Center -7 - ; Rev 0100
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Review
Average Power Range Monitoring System 54

9 | Rod Block Monitor System 55
Traversing Incore Probe System 5.6
Reactor Protection System 73
Review
Primary Containment System 4.1
Secondary Containment System 4.2

10 | Reactor Building Standby Ventilation System 4.3
Nuclear Steam Supply Shutoff System 4.4
Off Gas System ) 8.1
Review
Introduction to Emergency Core Cooling 10.0
High Pressure Coolant Injection System 10.1

11 | Automatic Depressurization System 10.2
Core Spray System 10.3
Residual Heat Removal System 104
Review
Reactor Building Service Water System 11.2

12 | Reactor Building Closed Loop Cooling Water System 11.3
Electrical Systems 9.1-94
ECCS System Wrapup 4.0,9.0,10.0
Review
Standby Liquid Control System 7.4

13 | Fuel Pool Cooling and Cleanup System 12.1
Process Computer System and Thermal Limits Review 6.1 & 1.8
Review Session

14 | Final Examination

USNRC Technical Training Center 8 Rev 0100
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TTC R-304-B COURSE EVALUATION SHEET

Course Dates to

1. Instructions:

In order to improve and maintain the quality and applicability of TTC courses it 1s necessary to
obtain feedback from attending students. Please rate thé followmg subJect areas.  Amplifying
comments are desired but not required. Please place your amplifying comments in the section for
written comments. Course evaluation should be identified by student to allow for follow-up and
amplification of significant issues or suggestions.

1. Evaluation

Strongly Strongly
Disagree Disagree Agree Agree

1. Stated course objectives were met.

2. Learning objectives were helpful in
identifying important lecture concepts.

3. Classroom presentations adequately
covered the learning objectives.

4. Classroom exercises and demonstrations
were effective in reinforcing previously covered
concepts and introducing new concepts.

5. Course manual adequately covered
course topics where applicable.

6. Course manual was organized so that it can
be used as an effective study guide.

7. Visual aids reinforced the presentation of

' course materials. )

8. Completion of this course will assist
me in my regulatory activities.

Signature

USNRC Technical Training Center 9 ~ - Rev 0100
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9. Overall course rating (considering merits of this course only):

Unsatisfactory =~ Marginal  Satisfactory Good Excellent

10. What did you like best or find most helpful about the course?

11. What did you like least about the course?

12. What subjects might be added or expanded?

13. What subjects might be deleted or discussed in less detail?

14. How will this course aid you in your ability to do your job as a regulator?

15. What could be done to make this course more useful in aiding you in your ability to effectively
carry out your regulatory activities?

16. Additional comments.

USNRC Technical Training Center 10 Rev 0100
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Simulator Demonstration Instruction

A portion of this course includes demonstrations of system controls, indication, and operation on the
BWR/4 simulator, located on the fourth floor of this building. The class may be split into two groups
for these demonstrations. Due to the physical floor space limitations, it is important to stay in your
assigned group.

Simulator demonstrations are planned demonstrations coordinated by the instructor. Students should not
manipulate any switches on the simulator unless directed to by the instructor. The instructor console and
computer area are not normally accessible areas for students. For hardware considerations, please donot
place drinks on the simulator panels; ample desk area is available.

If the class is split into two groups for simulator demonstrations, while one group is in the simulator, the
other group will be on self study. The self study time is to be used for reading manual chapters, review
of material that has been presented, or if desired, review of material on an individual basis with an
instructor. If instructor assistance is needed, please use the telephone in the classroom to call one of the
course instructors. A telephone number list is attached beside the phone.

USNRC Technical Training Center 11 Rev 0100
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1.0 INTRODUCTION

Learning Objectives:

1. Explain the basic steam cycle as applied to
BWR systems.

2. State which BWR control systems are used
for the following important functions:

a. control of reactor power

b. control of reactor pressure (normal
situations)

c. control of reactor water level

3. State the type of containment package which
is provided and explain the following terms:

a. Drywell
b. Suppression Pool
c. Containment

4. List the four Emergency Core Cooling
Systems and state which are high pressure
systems and which are low pressure
systems.

1.0.1 Introduction

The purpose of the Boiling Water Reactor
(BWR) System design is to economically
generate electrical power through the use of the
direct cycle system design which includes the
nuclear fuel and internal structures within the
reactor pressure vessel, systems associated with
a basic steam cycle, normal auxiliary systems to
accommodate the operation requirements of the
plant, Engineered Safety Systems to
accommodate the safeguard requirements of the
plant, and the necessary instrumentation and
controls to accommodate operator control of the
plant.

The BWR/4 Systems Manual is designed for use
as a text for the BWR Technology (R-304B) and
BWR Advanced Technology (R-504B) Courses.
It can also be used for general reference

- purposes. The manual was written to reflect the

BWR/4 design. The numerical values used in
the manual are for a specific BWR/4 design. The
reader should bear this in mind when attempting
to use the manual as a general reference
document. ' .- :

1.0.2 Manual Organization

This manual has been organized to follow, as
closely.as possible, the order of the material

- presented in the above course.. General subject

areas are classified by chapters. Systems which
fall under the general classification are arranged
as sections within the chapter. Where applicable
each section follows the same format; i.e.,
introduction, system -description, component
description, system features and interrelations,
BWR differences, summary, and graphics.

1.0.2.1 System Introduction

The system introduction states the system
purpose and functional classification. The

rpurpose of the introduction is to orient-the

reader. -

The system description provides the reader with

an overview of the system and its components.
Attention is focused ‘on major components and
their purposes without including the detail found
in the component description.

1.0.2.2 Component Description -

The components are listed in-basic flow path
order or block -diagram arrangement. Each

USNRC Technical Training Center
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component is described in appropriate detail with
specific set points and capacities often referenced
in tables.

1.0.2.3 System Features and Interfaces

The system features and interrelations section
includes such items as the operational features
and limitations. It also identifies interfaces with
other systems.

1.0.2.4 BWR Differences

The differences section identifies major design
differences between BWR/2, BWR/3, BWR/4,
BWRY/5, and BWR/6 product lines.

1.0.2.5 Summary

The summary is designed to key the reader to the
major items contained in the chapter. It is
important for the reader to recognize that the
summary is not a substitute for a comprehensive
review of the text material.

1.0.2.6 Graphics

The graphic package is located at the end of each
chapter section. The graphics are arranged to
follow the text and are referenced in the written
portion of each chapter section.

1.0.3 Use of the Manual During
Course Presentation

Proper use of the manual during class
presentations can greatly aid the student in
understanding the material presented. The
student should follow the presentation using the
figures and diagrams provided. Properly noting
minor and major points on these figures should

eliminate the necessity for taking comprehensive
notes during the lecture.

USNRC Technical Training Center
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1.1 COMMERCIAL NUCLEAR

POWER PLANTS
1.1.1 Introduction

To understand the BWR power plant, a basic
knowledge of the major components and their
functions is needed.

1.1.2 Nuclear Power Plants

A nuclear power plant is an arrangement of
components and systems used to generate heat.
The heat is used to make steam which is
converted to electrical power. The principal
components of a nuclear power plant are:

nuclear fuel and moderator
heat removal system
control systems

power conversion systems

* % ¥ ¥

1.1.3 Nuclear Fuel and Moderator

Nuclear fuel consists of a mixture of fissile,
fissionable, and fertile materials. The essential
ingredient is a fissile material, which is a material
that readily undergoes nuclear fission when
struck by neutrons. The only naturally available
fissile material is uranium-235 (U-235), an
isotope (or form) of uranium constituting less
than 1% of the element as found in nature. Two
synthetic fissile materials are plutonium-239 (Pu-
239) and uranium-233 (U-233). When neutrons
strike uranium-238 (U-238), which constitutes
more than 99% of the natural uranium, Pu-239 is
formed. For this reason U-238 is called a
“fertile" material. The element thorium is also a
fertile material, forming U-233 when struck by a
neutron.

The three basic fissile materials:may be used
separately or with one of the fertile materials as
fuel for a nuclear reactor. = -

The most commonly used fuel is uranium, either
natural, or enriched in the U-235 isotope. . :-.

Fuels may be solid or fluid and £hey may be used
in different material forms:- metals, ‘alloys,
oxides, or salts. A variety of solid fuel physical

-shapes is used, including rods, plates, tubes, and

other shapes, along with various methods for
cladding (containing) the fuel.

A moderator is a substance used in a reactor to
slow down neutrons from high to low energy
levels. Slowing down increases the probability
of continued fission. Moderators commonly
used include ordinary water, heavy water, and
graphite. Liquid moderators can also serve as the
coolant.

1.1.4 Heat Removal System

The heat removal system or cycle removes heat
which is generated by the fission process in the
reactor core. Heat removal system arrangements
include single, double, and triple heat transfer
cycles. An example of the single cycle system is
the direct cycle boiling water reactor delivering
steam to a turbine. Pressurized water reactors
use two cycles, with the primary water
transferring heat in a steam generator to produce
steamn for the turbine cycle.

1.1.5 Control Systems

In the general sense of the term, there are
numerous control systems on modern reactors.
The specific control system of concern here is
reactivity control, which is the method by which
the reactor core fission process is regulated. The

USNRC Technical Training Center
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Commercial Nuclear Power Plants

basic method of accomplishing this regulation is
to insert a neutron poisoning or absorbing
material into the reactor core, thereby preventing
those neutrons absorbed in the poison from
causing fission in the fuel. There are other
methods, some of which are specific to the
BWR, which are discussed later in this text.

1.1.6 Power Conversion Systems
In modern reactor power plants, steam turbine

generators are used to convert the energy of the
steam into electrical power.

USNRC Technical Training Center
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Water Cooled Reactors

1.2 WATER COOLED REACTORS

Water is generally used as a coolant and a
moderator for power reactors. Initially it was
believed that water could not be permitted to boil
in a reactor vessel because of the possibility of
cladding burnout. This resulted in the early
development of pressurized water reactors. The
first pressurized water reactor went critical in
1953 at the AEC National Reactor Testing
Station in Idaho.

A different type of water-cooled and water-
moderated reactor was started in 1953 with the
first experiment to test the theory of boiling water
in a reactor vessel and making steam directly.
Successive experiments established the principle
that boiling was not only acceptable but even
advantageous for certain purposes.

It is only natural that water became the preferred
primary reactor coolant. Reliability is a key
factor and water has many important advantages
that do not require extensive experimental
programs. Water is a known quantity. It is
cheap, and it was readily available when the
reactor program was started. It has good heat
transfer characteristics which can be extended
beyond its normal narrow temperature range by
pressurizing the water to inhibit boiling.
Furthermore, water does mnot become
significantly activated if kept pure. The induced
radioactivity of the coolant is short lived so that
maintenance is not hampered greatly.

The corrosive quality of water is known, and the
pressurizing intensifies the corrosive action. An
important inducement is that water serves as
moderator to slow down the neutrons. Its
tendency to absorb neutrons can be overcome by
enriching the fuel.

The disadvantages of using water as a moderator
are: water must be highly pressurized to achieve
reasonably high temperatures; pure hot water is
highly corrosive and requires that the primary
coolant system be constructed of special
materials; water at high pressure and saturation
temperature will flash to steam if the pressure is
rapidly reduced, as in a rupture of the primary
loop; and water can chemically react violently
under certain temperature conditions with
uranium, thorium, and structural materials.

The fundamental similarity in nuclear
characteristics of water-moderated reactors is
determined basically by the nuclear and thermal
properties of light water. Briefly, these
similarities can be summarized as follows:

*  Enriched fuel is required.

* Relatively low moderator-to-fuel ratios are
employed.

Relatively high excess reactivity is provided.
Conversion ratios for existing types are low,

but this is not an inherent characteristic.

* Power densities are comparatively high.

USNRC Technical Training Center
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1.3 BOILING WATER REACTORS

In a boiling water reactor, the coolant is very
pure water which boils adjacent to the fuel
elements. The resulting steam-water mixture
then proceeds to steam separators, where the
water is separated from the steam bubbles. The
water then goes back to the reactor core and the
boiling operation is repeated. The steam which is
formed passes from the steam separators,
through the steam dryers, and to a turbine located
outside the containment.

The major difference in the operating
characteristics of a boiling water reactor core
from other nuclear systems is a result of steam
void production. Water affects both the heat
generation and the neutron flux characteristics of
a nuclear system because it serves the dual
function of coolant and neutron moderator. If
this water is allowed to boil, which greatly
lowers the density of molecules, there is a
significant change in nuclear performance. The
boiling water reactor design results in a system
that produces reactivity changes varying
inversely with the steam void content in the core.
This provides an inherent safety feature of the
boiling water reactor; that is, a transient power
increase will produce more steam voids, reducing
reactivity, which reduces power and thus limits
the excursion.

The fuel used in a boiling water reactor contains
uranium in the form of an oxide. This eliminates
the hazard involved in using uranium in metallic
form. Moreover, before assembly into fuel
elements, the uranium oxide is generally heated
and converted into a ceramic material, somewhat
like the bricks used to line fireplaces. This form
of uranium oxide does not react chemically with
the reactor coolant and does not burn in air.

USNRC Technical Training Center
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1.4 TYPES OF BOILING WATER
REACTORS

In direct cycle BWRs, as shown in Figure 1.4-1,
steam leaving the reactor passes directly to the
turbine. In an indirect cycle BWR, steam is
passed to a primary coolant/secondary steam
generator. No economic incentive exists for the
latter cycle, although it does possess some
advantage in that radioactive particles from the
primary coolant normally cannot transfer to the
steam used in the turbine generator portion of the
plant. Dual cycle plants employ a combination of
direct and indirect cycles. The first large utility
owned BWR (Dresden 1) employed this dual
cycle concept. Current BWRs use only the
forced circulation direct cycle because it is more
economical.

In a forced circulation direct cycle reactor system,
the nuclear fuel generates heat within the reactor
vessel and boils the water, producing wet steam
that passes through internal steam separators and
dryers. The water within the reactor is circulated
through the core by two external recirculation
pumps. The steam is directed from the reactor to
the turbine, entering the turbine steam chest at
about 950 psi and 5400 F. Steam leaving the
high pressure turbine passes through moisture
separator units before being admitted to the low
pressure turbines. The low pressure turbines
exhaust steam is condensed in the main
condenser, which also provides system
deaeration. The condenser is followed by a full
flow demineralizer system through which all
condensate and makeup must pass before
entering the feedwater heaters.

The demineralizer system removes corrosion
products produced in the turbine, condenser, and
feedwater piping. It also protects the reactor
against condenser tube leaks and removes other

sources ~of :impurities which may enter the
system in the makeup water.- The turbine cycle
uses a conventional regenerative feedwater
system. The feedwater temperature and the
number of feedwater heaters are selected in
accordance -with normal- power: -plant
considerations of turbine cycle performance and
€COnOImIcs. '

1.4.1 Forced -Circulation BWRs " - -,

~ A

Power density in 2 BWR ‘core may. be increased
by using a mechanical pumping system to force
the water through the core. This is called a
forced circulation BWR.. In this design a portion
of the coolant in the annulus'area between the

.core shroud and vessel wall is taken outside the
:vessel in recirculation loops, where it is increased
.in pressure by means of recirculation pumps.

Water at increased pressure is pumped from the
two recirculation loops back-into the bottom of
the reactor pressure vessel via jet pumps. Flow
orificing of the fuel support pieces provides de-
sired flow distributions. Water enters the core
through the fuel assembly nosepieces and passes
upward inside the channels containing the fuel
bundles, where it is heated to become a two
phase, steam-water mixture. The steam-water
mixture leaves the top of the fuel assemblies and
enters a plenum area above the core which directs
the flow into the steam separators. Here the
water is separated by centrifugal action. The
rejected water is returned to recirculate through
the pumping system. The steam then passes
through a dryer where the last traces of water are
removed. Dry steam exits through steam outlet
nozzles at the top of the vessel body. Feedwater
is added to the system through thermally sleeved
spargers located in the downcomer annulus.
Here the feedwater joins the water rejected by the
steam separators before entering the recirculation
pumping system.
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1.4.1.1 Forced Circulation BWR
Control Systems

The fluid flow rates and reactivity level in a
forced circulation direct cycle BWR require rigid
control of steam flow from the reactor, of
feedwater flow into the reactor, of recirculation
flow through the reactor, and of control rod
position. The design of the control systems
considers conventional power generation
objectives, such as reliability, ease of operation,
and response times of the controlling parameter.
Beyond the traditional power generation
objectives, the control systems must incorporate
features specific to reactivity control and nuclear
plant safety. These considerations involve
effects on moderator temperature, fuel
temperature, and void content as a function of
steam pressure; steam generation and feedwater
input; fuel exposure; and automatic shutdown of
the nuclear chain reaction during unsafe or
potentially unsafe conditions.
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FIGURE 1.4-1 BOILING WATER REACTORS IN VARIOUS SYSTEMS
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1.5 PRODUCT LINES

Different product lines or classes of BWRs are designated numerically. There are currently six
product lines, BWR/1, 2, 3, 4, 5, and 6. The following listing gives some basic information on the
different product lines.

[
GE/BWR PRODUCT LINES
Product Line Year of Characteristic
F Number Introduction Plants and Their Features
BWR/1 1955 Dresden 1, Big Rock Point, Humboldt Bay, KRB
- Initial commercial BWRSs
- First internal steam separation
BWR/2 1963 Opyster Creek
- The first turnkey plant
- Elimination of dual cycle
BWR/3 1965 Dresden 2
- The first jet pump application
- Improved emergency core cooling systems (ECCS)
BWR/4 1966 Browns Ferry
- Increased power density 10%
BWR/5 1969 LaSalle
- Improved Recirculation System performance
- Improved ECCS performance
- Mark II Containment
BWR/6 1972 Grand Gulf
- Improved core performance
- Improved rod control systems
- Mark Il Containment

This manual is written to the BWR/4 product line. Table 1.5-1 gives a listing of BWR/2 plants
through BWR/6s along with some basic information on each plant.

USNRC Technical Training Center 1.5-1 Rev 0197
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_

Press.
power | No. | No. LPCI | Peed HPCl | NO. | control

Plant Name i e C"“f.’,;,”;"“{m pensiy| Fuel [control] 15| “or  [pump S0P {S¥C | o |Retier | 1ty | otigas
s KW/L | Bundles| Rods RHR *4 | Type HPCS | Valves | puyup
M MG 4 EPR/

Oyster Creek 2 63 MarkI {1930] 620] 336 ] 660 | 187 ] IC - 45 *5 | FWCI MPR | aAMB

_ MG P EPR/ | Low

Nine Mile Point #1 2 63 Markl | 1850 620] 34.0] 532 120] IC M&T| 45 *5 |FWCI MPR | Temp
EHC/

Dresden #2 3 65 MarkI | 25627) 8094108 724 177 IC | LPCI| M 45 MG |HPCI| & EHC | AMB

. EPKR/ | Low

Millstone 3 65 Markl {2011} ép0]40.08] 580 | 145 | IC | LPCI| M J100%(3)| MG |FWCI} 3 MPR | Temp
) EHC/

Dresden #3 3 68 Mark1 |2627] soo] 41.08] 724 | 177 | IC | LPCI| M 4 | Mg lHPCI{ & EHC | AMB
RHR EPK/

Monticello 3 68 | Markl |1670| 545] 406 | 484 | 121 | RCIC] (A) | M 15 | MG |HPCI] 4 MPR | Comp
RHR EHC/

Quad Cities 1/2 3 66 Markl |2511j 809} 409 | 724 | 177 JRCIC] (A | M 45 | Mg |HPCI] & EHC | AMB
RHR EPR/

Pilgrim 3 66 Markl | 1998} 655] 405 | 580 | 1456 | RCIC] A | M 26 | MG |HPCI] 4 MPR | AMB
RHR EHC/

Brown's Ferry L'2/8 4 67 Mark1 |3293|1066] 50.7 | 764 | 185 | RCIC] W) | T 26 | Ma |Hpct] 13 | EHC | AMB
RHR EPR/

Vermont Yankee 4 67 Markl |1693) 514]1 610 | 368 | 88 | Rcic] (A | M |100%3)| MG |HPCI| 4 MPR | AMB
‘ RHR EHC/

Duane Arnold 4 87 Markl |1658] 538} 51.0 | 368 89 | rcicl (A) M 26 | MG JHPCI] 6 EHC | AMB
RHR EHC/

Peach Bottom 2/3 4 67 MarkI |3203|1065] 50.7 | 764 ] 185 | RCIC] (A | T 26 | Ma |mpci|] 11 | EHC | Comp

RHR Digital | Low

Cooper 4 67 Mark1 [2381] 778} 506 | 548 | 137 {Rcic] W | T ) 28 | MG |upci] 8 (W) | Temp
RHR EHC/

Hatch 1/2 4 67 Mark1 |2436] 788] 52.2 | 560 | 187 JRCIC] (A) | T 26 | MG lHpCI| 9 EHC | AMB
RHR EHC/

Brunawick #1 4 67 | Mark1(C) 2436] 831| 51.2| 560 | 137 [ RCIC] W | T j100*3)| MG |HpPCI] 9 EHC | AMB
RHR EHC/

Brunswick #2 4 | 67 | Marki1(C)|2436] 821) 612} 560 | 137 JRCIC] W | T 26 | MG [upcI| 9 EHC | AMB

Table 1.5-1 Plant Listing (Part 1)
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Press.
| lMWT Power | NO. LNO. LPCI | Feed HPCI | NO. | Control | o
Plant Name g!WR P'S::d Containment Density{ Fuel [Control ll!%fé or |Pump (?,’;:; .?;; ot | Relef Wat;d / om:
st Type KW/L |Bundles| Rods RHR *4 | Type HPCS | Vatves | Bactup
RHR BHC/
Fitzpatrick 4 67 Mark | 2436] 821] 512 560 137 | RCIC§ (A) T 26 MG | HPCI 9 BHC AMB
RHR EHC/
Bnrico Ferml 4 67 Markl | 3293] 1093] S0.0 | 764 185 | RCIC] (A) T 26 MG fHPCI| 1! gHC | AMB
RHR EHC/
Hope Creek 4 | 615 Markl | 3293} 1067] 507 | 764 185 | rcicj (©) T 26 MG JHPCI] 11 EHC | AMB
RHR EHC/
Susquehanna 172 + | 615 | Muxnc)| 3203] 10s0] 500 § 764 } 185 | RCIC (GYI 25 | Mg lupci] 16 | EHC | AMB
RHR EHC/
Shoreham 4 615 | MukII(C) § 2436f 821} 500 560 137 | RCIC] (A) T 26 MG | HPCI 9 BHC AMB
RHR EHC/
Limerck 12 4 | 615 | Mukni(c)| 3293] 1065] 507 | 764 185 § rCic| (©) T 26 | MG | HPCI| 11 BHC | AMB
RHR EHC/
LaSaile 12 5 6 | MukI(C)}] 3293] 1078] 500 | 764 185 | RCIC] (B) T 25 Valve | HPCS | 11 BHC AMB
RHR Digital | Low
Hanford 2 5 69 Mark ] | 3323] 1100] 300 764 185 | RCIC] (B) T 25 |valvelHPCS]| 18 W) | Temp
RHR EHC/
Nine Mile Point #2 s | 6 | maxnc| 3323 1100} so0 | 764 | 185 } RCIC ® | T as |Valve|ypcs| 18 | BHC | AMB
RHR BHC/ Low
Grand Gull 6 72 |Makm (C)] 3835) 1306] 54.1 800 193 | rcic] (B) T 35 Valve fHiPCS| 20 EHC Temp
RHR EHC/ Low
Perry 6 | 72 | Macmn | 3579] 1200} 560 | 748 | 177 ] RCIC (B) | M/T 35 |vavelupcs] 19 | BHC | Temp
RHR BHC/ | Low
Clinton 6 72 |Makm(C)] 2894} 995] 524 624 145 | RCIC] (B) | MT 35 Valve | HPCS | 16 BHC Temp
RHR EHC/ | Low
River Bend 6 712 Makim | 2894] 995] 524 | 624 145 | RCIC] @) M 10 |vave|HPCS| 16 EHC Temp
Notes: 1. Mark I Drywell - Torus (Freestanding Steel Pressure Vessel) 2.AMB  Recombiner - with Charcoal Beds at Ambient Temperature
Mark I (C): Drywell - Torus (Concrete with Steel Liner); LowTemp Recombiner - with Charcoal Beds at Low Temperature(Zeto degree f)
Mark 11: Over/Under (Freestanding Steel Pressure Vessel); Comp * Recombiner - with Comperssor and Storage Tanks for Extended Gas Holdup
Mark I1 (C): Over/Under (Concrete With Steel Liner); 3. Bquipped with a Select Rod Insert Function
Mark 1 Drywell - Containment (Freestanding Containment Vessel; 4. (A) Bquipped with 2 RHR Loops, LPCI Mode Injects to the Recirculation System
Mmm(qmmn-mmmm(mmmmnmqnmszedum m)wmsmw.mmwemmmmvmd

(C) Bauipped with 4 RHR Loops, LPCT Mode Infects Directly to the Vessel
5. Bquipped with S Recirculation Loops and No Jet Pumps

Table 1.5-1 Plant Listing (Part 2)
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Plant Layout

1.6 PLANT LAYOUT

Modern BWR facilities are multiple-unit plants.
Greater economy can be realized with this
arrangement by sharing certain functions within
the facility. The principal buildings and
structures associated with each unit of a particular
site include a containment building (reactor
building), a turbine building, a common control
building, a diesel generator building, a common
radwaste building, a common intake structure,
and natural (or forced) draft cooling towers.
Common structures are also provided which
house the administrative offices, machine shop
and guard house. Location and orientation of
typical buildings on site are shown in Figure 1.6-
1.

1.6.1 Containment Building

Boiling water reactors use multi-barrier pressure
suppression type containments, consisting of a
Primary and a Secondary Containment.

The Primary Containment consists of two
structures; the drywell which encloses the reactor
vessel, a pressure suppression chamber which
stores a large volume of water, and a
connecting vent system between the drywell and
suppression chamber. Their function is to
contain the energy and radioactivity released
during a loss of coolant accident.

The Secondary Containment or reactor
building surrounds the drywell and pressure
suppression chamber. It forms a second
barrier around the reactor vessel to further
impede the release of radioactivity. The reactor
building also houses the necessary reactor
support systems and the Emergency Core
Cooling Systems.

1.6.2 Turbine Building

The turbine building houses the turbine
generator, auxiliary systems and balance of plant
equipment.

1.6.3 Control Building

The control building is a multistoried structure
which houses; the main control room plus control
and electrical systems required for safe operation .
of the plant.

1.6.4 Diesel Generator Building

The diesel generator building contains the
emergency diesel generators and their
associated equipment in individual rooms within
the building.

1.6.5 Radwaste Building

The radwaste building houses various systems
provided to process liquid, solid, and gaseous
radioactive wastes generated by the plant.

1.6.6 Intake Structure

The intake structure house the equipment
providing the heat sink for the plant.

USNRC Technical Training Center
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1.7 REACTOR PHYSICS

Learning Objectives:

1.- List the three BWR coefficients of reactivity
and state how and why they change wuh core
'hfe and temperature.

2. Define the following reactor physics terms:

a.” Reactivity
b. Kesr )
‘¢! " Reactor Period
d. " Shutdown Margin

3. Describe the response of fission product
po1sons xenon and samarium to changes i in
Teactor power.

4. Describe the initial plant response (via the
" reactivity coefficients) to changes in
significant plant parameters.

1.7.1 Introduction

The purpose of this section is to provide a basic
understanding of certain reactor physics concepts
relating to BWR technology.

- The operation of a nuclear reactor is based upon
-the successful control of the response of, the
neutron flux, and hence reactor power, to time
dependent changes. Startup and shutdown, as
well as .power level changes are typical
operations which involve transient conditions.
Factors which affect the reactor behavior include
- control rod movements, fuel depletion, fission
product poisoning, temperature and pressure
. changes, and changes in coolant density and
" _density distributions. These, and other concepts
.important to BWR operation, are discussed in the
paragraphs that follow.

1.7.2 Neutron Cycle

The neutron cycle is taken as a complete
sequence of steps necessary to produce the
neutron chain reaction. To operate at a constant
power level, the reactor must bé able to sustain

‘the chain reaction. Each neutron in the previous
. - generation must produce a neutron in the next
. generation. The principle of operating a nuclear

reactor is based on neutron economy, which is
the accounting of the number of neutrons
between successive generations.— .

f [ T L
Many of the processes within a reactor compete
for the neutrons. "In the case of a thermal reactor,
such as a BWR; thermal neutrons are required to

- .initiate-fission; and in turn the fast-neutrons

produced by the ‘fission reaction lead to the
regeneration of thermal neutrons. Events that are
included in a neutron cycle are shown in Figure
1.7-1.

1.7.2.1 Multiplication Factor

. The expression which describes all the events in

the life of a neutron and effectively describes the
state of .a reactor (critical, subcritical, or
supercritical) is called th_e multiplication factor.

The multlphcatmn factor in a nuclear system isa
measure of the change in the fission neutron

populatlon from one neutron generation to the
subsequent’ generanon If ‘the multiplication
factor for a reactor core (or any nuclear

" assembly) is less than 1.0, then the System is

decaying or dying out and will never be self
sustaining. With a multiplication factor greater
than 1.0, a nuclear system is producing more
neutrons than are being used by the system and
is subjected to an increasing chain reaction that
must be controlled by some exterior factor.
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The stable or useful condition of a nuclear
system occurs when the multiplication factor is
equal to 1.0.

In a core of infinite extent, there can be no
leakage. For such a core the infinite
multiplication factor, K.., is the ratio of the
number of neutrons resulting from fission in
each generation to the number of neutrons
absorbed in the preceding generation.

In a system of finite size, however, some
neutrons are lost by leaking out, and the
multiplication factor is called the effective
multiplication factor, Kegr. K is defined as the
ratio of the number of neutrons resulting from
fission in each generation to the total number lost
by both absorption and leakage in the preceding
generation. The effective multiplication factor is
the product of the nonleakage probability, P, and
the infinite multiplication factor.

Ketf = K.P

In reactor operation, K¢ is the most significant

property with regard to reactor control. At any
specific power level or condition of the reactor,
Kesr 18 kept as near to the value of 1.0 as
possible. At this point in operation, the neutron
balance is kept to exactly one neutron completing
the life cycle for each original neutron absorbed
in the fuel (Figure 1.7-1). When a reactor is
operating at a constant power level or condition,
the effective multiplication factor is defined in
equation form as:

K. = ELpLfn

These symbols are defined and considered in
detail in the following paragraphs.

Fast Fission Factor (£)

The fast fission factor, €, is the contribution to

neutron multiplication from the fissions that
occur at higher than thermal energies. This
contribution is from the fast fission in U-235 and
U-238. The probability for a fission reaction in
U-238 is quite low, but there is so much of this
isotope in the reactor core that there is a
contribution to the multiplication factor. The fast
fission factor is defined as the ratio of the
neutrons produced by fissions at all energies to
the number of neutrons produced in thermal
fission.

Physically,€ is a function of physical spacing of
fuel rods, the size of the fuel rod, the moderator
and the amount of U-238 and Pu-239 in the core.
The idea here is that the longer the neutron
remains at a high energy, or the greater the
number of target nuclei, the greater the

probability of a fast fission. The value of € is
slighdy >1.

Fast Nonleakage Factor (Lp)

The fast nonleakage factor, L, is the fraction of

neutrons that are not lost because of leakage from
the core during the slowing down process from
fission energies to thermal energies. It is also the
probability that a neutron will remain in the core
and become a thermal neutron without being lost
by fuel leakage.

Physically, Ly is a function of the moderator,
core size, and shape. A good moderator presents
a large target for collision, decreasing the
probability that the neutron will escape. A large
core allows more moderator and fuel, thus
decreasing the likelihood of leakage.
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The value of L¢ is slightly less than 1. It is the.

exact analog of Lt, the thermal nonleakage factor.

'_Resonance Escape Probability (p)

The resonance escape probablhty, p, is the
probability that a neutron will be slowed to
thermal energy and will escape resonance
capture. It is also the fraction of neutrons that
escape capture during the slowing down process.
It is always less than 1.0 when there is any
amount of U-238 present in the core, which
means that high energy capture by U-238 always
removes some of the neutrons.

As the reactor temperature increases, the
resonance escape probability decreases in value
because of .the decrease in the ratio of the water
moderating atoms to fuel atoms and the
broadening of the resonance capture cross
sections. " Physically, p is a function of the
amount of resonance absorbers in the core and
‘the neutron energy -spectrum. Because the
amount of resonance absorbers is dependent on

Physically, L; like-Ly, is a function of the
moderator, core size, and core shape. The value
of L, is slightly less than 1.

Thermal Utilization Factor (Q

The thermal utilization factor f is the ratio of the
probabﬂlty that a neutron will be absorbed in the
fuel to the probability that the neutron will be
absorbed in all the material that makes up a core.
It is described by the followmg equation:
‘a >y, fuel
f=
a Y, fuel'y g Y other

Where X, = macroscopic absorption cross
section; the combination of the capture cross
section,.., and the fission cross section 28 Coa

=Zc + Zf) i :

J Physically f is an inverse function of the rario of

enrichment and core age, p also varies with a -

change in either parameter.

Thermal Nonleakage Factor (Ly)

This factor, L., is the fraction of the thermal

neutrons that do not leak out of the core during

thermal diffusion but remain to contribute to the

chain reaction. -L; is also the probability that a ,

thermal neutron will remain and be used in the

Core.

The value of L., decreases as the temperature of
-the ‘core increases because as temperature is
increased, the values of absorption cross sections
decrease, and the thermal neutrons must travel
further before being absorbed.

the nonfissionable absorbers number densities to

.the fuel number density. Since the fuel number

density decreases slowly over core life, as the
absorbers increase, f decreases. The absorbers
are functions of core power history, core age,
and power level.

Neutron Production Factor (1)

The neutron productlon factor,n, is the average
number of neutrons “produced per therrnal
neutron absorbed in the fuel. Physrcally n is a

function of enrichment and core age since
enrichment varies with core age.

The numerical value of 1} does not change with

core temperature over the range considered for
most reactors. There is essentially no change in
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over the lifetime of the reactor core because of

the closeness of the values of ) for U-235 and
Pu-239.

As the reactor operates for a period of time, and
Pu-239 begins to contribute to the neutron

economy of the core, the average effect of is
expressed by:

Vazs 0 + Va9 X2 -

3,235 + 3,239 4+ 3, 238

n =

where v is the number of neutrons per fission. A
representative value for m is greater than 1.

1.7.2.2 Terms Related to K.t

Kexcess = Kefr - 1, and is generally used to
describe how much extra fuel is loaded into the
core for increased core life.

The shutdown margin (SDM) is the amount by
which the reactor is subcritical. Mathematically,
this can be expressed as:

SDM =1 - K¢ (for Kegr <1)

The design shutdown margin will be specified
for a plant, and tests are conducted periodically
to demonstrate that it is met. The value specified
normally assumes that the strongest rod is stuck
out in the fully withdrawn condition. These tests
demonstrate a margin of safety should that event
occur.

1.7.3 Reactivity and Factors Affecting
Reactivity

When discussing changes in neutron population
in a reactor, it is convenient to describe neutron

population changes by changes in reactivity.
Reactivity is defined as the fractional change in
neutron population per neutron generation. If Ny
neutrons exist in one generation, then Ng K¢
neutrons are produced in the next generation.
The change in neutron population is (Ng Kegs -
No) and the fractional change or reactivity
(AK/K) is

No Kesr - No
No Kesr
therefore,
No Kege- 1) (Kege- 1)
p = =
No(Ketr) Kt

Beginning with an all rods in condition in a cold
clean core, enough reactivity must be added to
bring the reactor initially critical. With the
reactor critical, Kegr = 1 and the reactivity is zero.
Anything that will cause a change in one of the
parameters in the equation for K¢ will cause a
change in neutron population and a change in
reactivity.

The factors that affect the reactivity of a reactor
core throughout core life are fission product
poisons, fuel depletion, moderator temperature,
fuel temperature, steam void fraction, reactor
pressure, control rods, and burnable poisons.

Each of these factors must be accounted for in
the design of the core so that criticality and full
power can be attained and maintained throughout
the design lifetime of the core.
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1.7.3.1 Reactivity Coefficients

Reactivity coefficients are a means of describing
the effect of the multiplication factor (Kefr) as a
result of positive unit changes in a particular

i

reactor parameter. They are usually expressed in .

terms of AK/K/unit change of parameter variable.
There are three such coefficients at work in a
BWR operating at power. These are-the
moderator temperature coefficient, the moderator
void coefficient,
temperature) coefficient.

Moderator Temperature Coefficient (<)

The moderator temperature coefficient of

reactivity.is defined as the change in reactivity

produced by a :unit change in moderator
temperature (AK/K/AO F). As the temperature of
- the moderator increases, it becomes less dense.
This decreases the amount of neutron moderation
- and increases the probability that a neutron may
leak from the core or undergo nonfission

absorption in a control rod or some core °

structural material. ‘The effects of moderator
. temperature-and fuel-burnup on the coefficient
are shown in Figure 1.7-2. -

.. The negative slope of the moderator temperature
.coefficient curves arises from the fact that
moderator density varies non-linearly.with
moderator temperature as illustrated in Figure
.-1.7-3. The change in density per °F change in
increases with increasing
' temperature.
‘becoming more negative with increasing
moderator temperature. - -

Several factors affect the moderator temperature
coefficient of reactivity as core burnup increases.

The buildup of Pu-240, a strong resonant
absorber, increases the chance of resonance -

and the Doppler (fuel .

This results in the coefficient -

absorption and makes the coefficient more
negative. During the core life, control rods are
withdrawn to balance the decrease in reactivity
because of fuel burnup. This causes the effective

.size of the core to become larger. Decreased fast

and thermal leakage tend to make the coefficient

_less negative. Since local steam voids cause an

increase in the distance a neutron travels after it is

_thermalized, the presence of control rods, which

absorb thermal neutrons, makes the coefficient
more negative. - Consequently, when control rod
density (all rods fully inserted = 100% control
rod density) decreases at higher burnups, the net
effect is that the moderator temperature
coefficient becomes less negative.

In a BWR, the moderator temperature coefficient

is designed to be negative by establishing a
proper moderator to fuel ratio (Figure 1.7-4).
However, at low temperatures toward the end of
core life, the negative effects of resonance
absorption and neutron leakage may not be
sufficient to overcome the positive effects of
thermal utilization and control rod withdrawal
and can result in a small positive temperature
coefficient. This, however, is' not a safety
consideration because the coefficient is small and

. becomes negative at higher temperatures.

Moderator Void Coefficient (<)

As the moderator boils and the void fraction

-~ increases, the moderator density decreases

resulting in a reactivity change involving several

"“interacting mechanisms. The void coefficient of

reactivity (<) defined as the \ch:ange in reaeﬁvity
produced by a unit change in void fraction
(AK/K/A%V) is illustrated in Figure 1.7-5. A
decrease in moderator den51ty results in less

. absorptron in lhe moderator and the thermal

uuhzatlon factor mcreases An increased
distance between moderator molecules means
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_that the neutrons travel a greater distance while at
higher energies and have a greater probability of
being captured in resonance regions of uranium
or plutonium; thus, the resonance escape
probability decreases. In addition, the distance a
neutron travels after thermalizing also increases,
producing a decrease in thermal nonleakage
probability. The large negative effects of
increased resonance absorption and, to a lesser
degree, increased thermal leakage outweigh the
positive effect of less absorption in the moderator
and result in a coefficient of reactivity which is
strongly negative.

The slopes of the curves in Figure 1.7-5 are
negative because resonance capture increases
more rapidly at high void fraction than at low
void fraction. As previously explained, the
increased resonance capture results from the
decrease in moderation as the water boils.

Consider two examples: 10% void fraction and
70% void fraction. At 10% void fraction (90%
water fraction), a 1% increase in void fraction
decreases water fraction from 90% to 89% or
roughly 1.1%.

At 70% void fraction (30% water fraction),
however, a 1% increase in void fraction
decreases the water fraction from 30% to 29% or
a change of 3.45%. Thus, at higher void
fraction for a percent change in void fraction,
there is a greater percent change in moderator
fraction than (for a percent change in void
fraction) at low void fraction. Therefore, the
negative reactivity contribution at higher voids is
greater than at Jower voids.

The behavior of the void coefficient as core
burnup increases is similar to the moderator
temperature coefficient. However, the density
decrease when voids increase is much larger than

the density decrease when moderator temperature
increases. Therefore, the void coefficient is more
negative than the moderator temperature
coefficient. This makes the exact behavior of the
void coefficient hard to predict. Depending on
core design and exposure, the void coefficient
may increase, decrease, or remain approximately
constant. In general, the effects of control rod
withdrawal usually dominate and the void
coefficient becomes less negative as core burnup
increases.

Doppler Coefficient of Reactivity (o<p)

The final reactivity coefficient that is of primary
importance in safety considerations is the
Doppler coefficient of reactivity which is defined
as the change in reactivity that results from a unit
change in fuel temperature (AK/K/A 0 F) and
which accounts for the prompt negative reactivity
addition which acts to terminate a power increase
in the event of a reactivity excursion. The
coefficient is negative, as shown in Figure 1.7-6,
because an increase in fuel temperature results in
an increase in resonance absorption. To examine
the reason for this increase, Doppler broadening
must first be discussed.

A resonance peak is a narrow band of neutron
energy in which the neutron capture cross section
within that band of energy is considerably higher
than at other neutron energies. As the
temperature of the fuel changes, the thermal
motion of the fuel nuclei changes. As fuel
temperature increases, the energy band of the
resonance broadens and the cross section of the
peak decreases as shown in Figure 1.7-7. This
broadening is referred to as Doppler broadening.
Doppler broadening shifts the energy at which
the neutrons are absorbed to higher or lower
values depending on the direction of motion of
the fuel nuclei with respect to that of the incident
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neutron. The nuclear properties of the nucleus,
however, are not affected; thus, the total cross
section over the entire energy band remains
constant. Therefore, although the total amount
of absorption around a resonance peak does not
change (the area under the peak in Figure 1.7-7
is constant), the energy band of the resonance is
-broadened.

,:It may appear then that Doppler broadening

. would have no effect on resonance absorption in
a reactor. This is not the case for nuclides that
are present in sufficient concentration because of
an effect called self shielding. At low
temperatures, the resonance peak is very narrow
“and -the capture cross section is very high,
.resulting in a very large reduction in neutron flux
in that energy band in the outer layer of the fuel

- rod.. The interior of the rod sees very little flux
in -that energy band, so there is very little
_.absorption toward the center of the fuel pin.
. Thus, the interior of the rod is shielded from the
flux of the proper energy by the outer layers of
fuel atoms.

Now consider an mcrease in fuel temperature.
The energy band is wider for neutron absorption
in the central higher regions of the rod. The
broadened areas of absorption are not shielded
by the less broadened fuel surface and the
shielding resonance absorption in the fuel rod
increases. So one can see that negative Doppler
) react1v1ty associated with an increase in fuel
temperature arises from the combined. effect of
Doppler broadening and the fact that a BWRisa
heterogenous reactor with lumped fuel.

The slope of the curves in F@gﬁre 1.7-6 is
positive because as the temperature rises, the
broadening of the resonance is less, and it
follows a 1/v behavior. In a BWR the Doppler

coefficient of reactivity is always negative and

.always adds negative reactivity when the fuel

temperature rises. The Doppler coefficient is
more negative at greater void fraction because of
the increase in resonance capture with steam
voids.

As core age increases, the buildup of Pu-240 in
the fuel results in an increase in.the total
resonance absorption cross section. This will
increase self shielding so a reduction in self
shielding has a greater effect on the total amount

_ of resonance absorption. Thus, the Doppler

coefficient of reactmty becomes more negative
with increased burnup as shown in Flgure 1.7-8.

Reacfivity Coefficient Values

Approximate numerical values for the three
reactivity coefficients are as follows:

v -1x 10-3 AK/K per A% voids

-1x 104 AK/K per A °F moderator

o< -1 x 105 AK/K per A °F fuel
From these values it is easy to see that the void
coefficient is dominant when the reactor is in the
power range (i.e., a substantial percentage of
voids).

x

Reactivity Coefficients - Summary

In summary, this discussion has been a
simplified explanation of how various factors
affect the reactivity balance in a BWR.

- Realistically, of course, many of the mechanisms

_causing change are constantly interacting with

~ other mechanisms. For example, under normal

operating conditions, an increase in fuel
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temperature as a result of control rod withdrawal
or a core flow increase is always accompanied by
an increase in moderator temperature or void
fraction.

1.7.4 Reactor Control

The reactor power level is directly related to the
neutron population. The flux is related to
neutron level by:

0= nv,
where n is the neutron density (neutrons/cm3)
and v is the neutron velocity (cm/sec).

The velocity is a constant since the discussion
concerns only the thermal neutron flux for

fissioning.

The reaction rate or power is related to the flux
by:

>f o

power =
conversion constant

The parameters 3¢ v, and the conversion
constant are essentially constant during any given
time. Therefore, the power and neutron
population are directly related.

With this in mind,

P= PetT

is the expression which describes how reactor
power varies with time. This means that power
increases exponentially for a stable period (T).
Period (T) is defined as the time in which
neutron flux level changes by a factor of the
natural log base (e).

The following sections apply the principles
covered above to explain reactor control during a
normal startup from a cold shutdown condition.

1.7.4.1 Source Range

The source range covers approximately 10-8 %
to 104 % reactor power. The power is
controlled by control rod withdrawal to establish
the reactor in the critical condition. Further
control rod withdrawal then establishes a rate of
power increase into the intermediate range to
commence a plant heat up.

The operator verifies, before withdrawing any
control rods to begin the startup, that there is
some minimum count rate indicated on the source
range monitor. As he withdraws control rods, a
nonfission absorber is removed from the core so
that the thermal utilization factor increases,
causing K¢ to increase. The source range
monitor indications show a slow increase in
count rate. The neutrons being counted are
coming from an incore neutron source and from
the phenomenon of an increasing or steady state
count rate while subcritical which is subcritical
multiplication.

Sources

Sources are present in the reactor so that it is
possible to see the approach to critical on the
reactor instrumentation. The neutron
multiplication can be seen on the instrumentation
as the control rods are withdrawn. If there were
no sources present, the instrument range would
not be sensitive enough to detect a positive,
decreasing period until the power was high
enough to indicate on the instrumentation. By
the time the power was indicating on the
instruments, the period could be very short and a
startup accident could have occurred.
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. Natural sources include the photoneutron source

"(y+2H, — H; +'np), spontaneous fission

of uramum and plutonium and an alpha reacnon
with oxygen-lS "(4He, + 1808 _>21N310+ In,
) These sources are not significant during an

initial startup so additional sources must be
installed in the core.

The operatlonal source used in an irradiated

‘ anumony source in a berylhum sleeve. This
" gives about 3 x 10§ n/s/curie (see Section 5.1 for

more details). Other sources can be Po-Be,
Ra-Be, Pu-Be, or Am-Be.

Subcritical Multiplication

In the subcritical condition, excessive numbers
of neutrons are lost by leakage or absorption per
'generation so that the chain reaction with fission
neutrons is not self sustaining. If left alone, the
power level of the core would eventually drop to

Antrinsic levels Wthh are below the range of

. mdlcatwn of the SRM This is an unde51rable

condmon and to prevent it, the incore neutron

.sources (descnbed above) are used. Baswally
] (Flgure 1 .7-9), the neutron source makes up for

the excessive loss of fission neutrons. With
source neutrons added the chain reaction can be
self sustaining with K¢ <1, except that it is not
dependent solely on fission neutrons. Also a

steady state power level can be reached that is
within the indication band of the SRM.

 Remember that

Keer = ng / ng; therefore, = ng Kegr

If, at any given time, a source could be placed
into a subcritical reactor, the instantaneous
neutron level would be:

np = So

Assuming that the source put’out So neutrons in
each generation, the level after one generation
would be:

= SO -+ So Keff = SO(l +Keff),

where S represents the neutrons put out by the
source in the next generation and SoKegs

represents those left over from the initial
generation.

After the next generation, itis -
= Sp+mKegr = So(1 + Kegr + Kegr 2),
and so on until

N, = So(l +Kegs + Kegr 2 + Kegr? + oo + Kegr

n),

This series converges to the following
expression:

So -
1 - Kest

This will not tell the time it takes to get there, but
does give the final level. Clearly, this no longer
works when Kegr =1

.As an example, take the case in which Kg = 0.5
and Sp = 100. A table can then be generated:

a1,
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Generation
Fission n Produced
Source n Produced
Total Fast n Produced
Fast n Gained
0 100 100 100
50 100 150 50
75 100 175 25
100 187 12
93 100 193 6

% * %k *

¥ ¥ B WO =0
(o]
~J

* ES * %

100 200 O

o]

ek
[
[}

n = a large number of generations
Note the following items:

1. If at any time the source is removed, neutron
level will decrease.

2. As long as the source is present, neutron
level will increase, but by a smaller amount
each generation.

3. After alarge number of generations, neutron
level should be substantially constant, with
source neutron production equal to the
difference between the number of neutrons
that start the generation and the number
reproduced by the fission process.

Now consider the new steady state count rate
following a step increase in K¢g. The immediate
response of the core to the K. step increase is
that the number of neutrons lost per generation
decreases. Since the number of source neutrons
contributed per generation remains constant, the
number of neutrons causing fission increases and
power level increases. As power level increases,
the number of neutrons lost per generation also

increases until it again equals the source
contribution per generation. At that time a new,
higher, steady state power is achieved. Note
also, that the rate of decrease of fast neutrons
gained decreases slower. Therefore, it takes
longer to reach the new steady state power level
as K¢ gets closer to 1.

To carry the discussion through, next
consider what happens when K¢ = 1. In this
case the source neutrons are always in excess of
the minimum number of neutrons required for
the chain reaction to be self sustaining. The
power increase per generation is what the source
neutrons contribute.

In actual operation this power increase is very
slow, and the fact that the reactor is critical is
difficult to detect. In order to have a positive
indication of criticality, control rods are
withdrawn until the reactor is slightly
supercritical. In this case, the operator sees a
continuously increasing power level which is not
confused with the level increases which were
caused by subcritical multiplication. At this point
the power level and its rate of increase are
important parameters to be monitored by the
operator.

Source Range - Summary

The reactor operator withdraws control rods until
the reactor is slightly supercritical. Indications of
this condition are a continuously increasing
power level and a sustained positive period
without control rod motion. The reactor operator
then adjusts the period by control rod withdrawal
to about 100 seconds and allows power to
increase into the intermediate range where the
plant heat up is started.
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1.7.4.2 Intermediate Range

The intermediate range encompasses power
levels from approximately 10-> % to about 40
%. Thé power level is controlled by control rods
and the negative feedback effect of the moderator
temperature coefficient of reactivity. The
purpose of power control here is to control the
< heat up rate of the plant to prevent undue thermal
stresses on plant structural materials. This range
of reactor operation is probably the most difficult
for the operator. It is here that the reactor
operates in the classic sense that is normally
" taught on test reactors.. Here, it obeys the P
=P, e VT expression. '
Recall that the intermediate range is entered with
the reactor supercritical. To the unwary operator
'this"can be a problem.- The rapidly increasing
flux level can give a high level flux scram from
* the intermediate range monitors (Section 5.2).
'Attention must be paid to proper range
switching.In this range, certain approximations
* can be used to estimate the period after a rod is
pulled. Making appropriate substitutions and
mathematical manipulations, yields the
following:

n = etT and T= t

i

no Ln n/ng

‘Thi$ expression giives reactor period for a given
’neutron mcrease ina glven length of time. Using
only the neutron increase and elapsed time, the
period can always be determined prov1ded ‘the
rate_of increase is constant (step change in
react1v1ty) Some quick methods of doing this
are:

1. Time to increase by 10%:

ILnn = Lnll= Lnll ~ 0.095
97)) 1
T= 1t = t(10.5)" or ~t(10)
C 0.095
2. Doubling time:
- In2 = Ln2 ~0.69
1
T = _t = t(1.45 ~t(1.5)
0.69 -

~Thus, it can be seen that power in this range does
- behave classically. Once criticality is confirmed

by a constant period and increasing flux level

- (actually supercritical), the reactor can be put on

a positive stable period.
Intermediate Range - Sumr‘n‘ary

Power increases to the point of addmg heat, and
moderator temperature increases. The resulung
moderator densny decrease adds negative
reactivity, and net core reactivity becomes <0.
This causes power to turn and begin to decrease.
The operator now withdraws a control rod (or
rods) until core reactivity is positive and the
process is repeated. The rate at which this is
done and the magmtude of posmve reacuvny

. controls reactor power, ‘which in turn controls

the heatup rate ThlS process is continued until
the plant is at its operatmg temperature.

17.43 Power Range

For this discussion, the power range is
considered to be a power level greater than 1%.

-The reactor still résponds by the P = P e VT

expression in the power range. However, this
response is difficult to recognize because it is
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impossible to establish a stable period. There is
always some factor resisting a power increase or
decrease. Therefore, an attempt to establish a
positive period by control rod withdrawal is
immediately terminated at some fractionally
higher power because of increased voids, or
fuel, or moderator temperature increase.

From 1% to approximately 25%, reactor power
is controlled to establish plant conditions
required for rolling the turbine and picking up
initial load on the generator. From 25% to
100%, reactor power is controlled to control the
generator load. Reactor control is accomplished
through use of control rods and the Recirculation
System. The negative reactivity coefficients
related to the fuel temperature and core void
fraction provide a negative feedback to power
changes. The effect of the moderator

temperature coefficient (e<) is limited here

because of the pressure and temperature
relationship existing at BWR power range
operating pressures and because of the pressure
control system. Longer term reactivity changes
are caused by fission product poisons (hours)
and fuel depletion (weeks).

Control Rods

The purpose of control rods is to control reactor
power or to shape thermal neutron flux for
optimum fuel burnup and control of peaking
factors. To accomplish this, the control rod
contains boron-10 (B-10) and absorbs thermal
neutrons according to the following reaction:

10B5 +1 NO — 4 HeZ +7 L13
Relating this to K¢, one finds the thermal

utilization factor, f, changes most with control
rod motion

o , fuel

8 , fuel + (N controlrod § 3 controlrod 4
_/Nfuel)

As the control rod is withdrawn from the core, N
control rod decreases, and f increases.
Conversely, control rod insertion causes f to
decrease.

The effectiveness of a specific control rod for
absorbing thermal neutrons is called control rod
worth and is measured in units of reactivity
(AK/K). Two types of rod worths are generally
considered.

The first is the differential rod worth (Figure
1.7-10), which is the reactivity per notch of
control rod travel. By summing reactivity from
all notches through one normal stroke of travel,
one generates the integral rod worth curve
(Figure 1.7-11). Using this curve, one can
calculate reactivity from any consecutive group
of notches between full in and full out.

Because an increase in either type of control rod
worth causes an increase in the other, one often
speaks of only rod worth and specifies the type
only where significant.

The worth of a control rod is a direct function of
the thermal neutron flux to which it is exposed.
Several of the factors affecting control rod worth
are discussed below.

1. Core position - Considering radial core
position, control rods at the center of the core are
exposed to a higher thermal flux than those at the
core periphery and, therefore, have a greater
worth.
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Considering axial rod worth, the differential rod
worth is highest as the control rod end travels
through the peak axial thermal neutron flux.
This peak changes because of voids, and this in
turn causes the differential worth peak to shift.

2. Plant condition - cold to hot at 1% power: As
the moderator temperature increases, neutron
leakage from the fuel cell to the volume around
the control rod increases. Thus the control rod is
exposed to a higher thermal neutron flux, and the
rod worth increases.

3."Plant condition - hot at 1% power to 100%
power: During operation in this power band,
voids form. The voids, occurring at areas of
high thermal neutron flux (which are also areas
of high power) depress the thermal neutron flux
. peak. Therefore, a' control rod in this area is
exposed to less flux than it would be without
voids, and the control rod worth decreases.

4. Position of adjacent control rods - Figure -

.» 1.7-12 (upper) shows control rod positions at a

given time., Rod A at this time is absorbing .
neutrons or controlling only the four adjacent -

fuel cells. Figure 1.7-12 (lower) shows the rod
_ positions at some later time.

Now rod A is absorbing neutrons from more fuel
than it was earlier, or its zone of control is
increased. It follows then that the rod is exposed
to a greater thermal neutron flux and its worth
increases. The Rod Worth Mininizer System
(Sectlon 7.5) constrains the operator to

'prescnbed ‘control rod withdrawal and insertion
sequences So that excesswely hlgh control rod

" worths are not generated in this manner.

“Figure 17 13 is an examp]e of the use of
control rods for rad1a1 flux shaping. The nuclear
engineer normally ~is responsible for
recorrimendipg rod motion for this purpose.

Power Changes Using Recirculation
Flow
Assume that the plant is on the 100% load line at
75% reactor power (Section . 3.2.3).
Recirculation flow is then increased to.bring
power to 95% (Figure 1.7-14). As the flow
increases, voids are swept from 'the core faster,
. resulting in a lower void fraction and a positive
net core reactivity. -Also, ‘the. moderator
temperature decreases'.slightly because the
moderator is in less'contact with the fuel. The
-response of the core to the positive reactivity is a
power increase. ‘The power increase causes the
fuel temperature, the moderator temperature, and
the void fraction to increase. This continues until
the core net reactivity again equals-zero. During
this transient, the power increase starts
immediately after the core net AK/K>0; the
Doppler coefficient is the first-to add negative
reactivity; and the magnitude of the reactivity
from the void change is greater than that from
Doppler or moderator temperature change. . -

The ability to change power by changing flow
enables a BWR to undergo large power changes
without disturbing the core power distribution.
Power level can be changed at.rates well in
- excess of those obtainable by-control rod
manipulation while maintaining thermal margins,
etc. o e

Fission Product Absorbers

During the operation of a reactor, a large variety
of fission products is being produced. Although
most of the fission products have relatively low
,absorption cross sections, there are some which
-are very strong parasitic absorbers of thermal
neutrons. -
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These are referred to as fission product absorbers
or fission product poisons. Any change in the
concentration of these nuclei changes the thermal
utilization factor (f) and, therefore, inserts either
positive or negative reactivity into the reactor.
The concentration of these fission product
absorbers depends on fission rate, decay rate of
absorbers, decay rate of precursors, and neutron
absorption by nuclides producing the fission
products. Although the fission product absorbers
may have a significant effect on reactivity
available for operation, their impact on immediate
operation is primarily on the resulting effects of
modified ramp rates, power level drifts, or need
for compensating control rod movements. Their
transient effects are not of first order importance
to the evaluation of reactivity transients pertinent
to nuclear safety.

Iodine-Xenon Fission Product
Absorbers

The most important fission product poison is
xenon-135 (Xe-135), which has the
exceptionally high absorption cross section of
2.7 x 106 bamns for thermal neutrons at 680 F, an
equilibrium reactivity poison effect of the order
of -.03 AK/K, and the potential for slow
transient reactivity effects of the order of -.04
AK/K. Because the Xe-135 concentration is
dependent on power, it is useful to describe the
production and removal mechanisms.

1. Xe-135 production:

Xe-135 has two production terms. One is a
direct fission yield (0.2%). The other is an
indirect fission yield (5.6%) which comes from
the fission product tellurium (Te) and its decay to
iodine (I). Iodine decays to xenon as indicated in
the following reaction.

B- B-
135 Te 52 - 135 1'53 - 135 Xe 54
19 sec. 6.7 hr.

Because of the relatively short half life of

tellurium, it is often dropped from a discussion
of Xe-135.

2. Xe-135 removal:

Xe-135 has two removal mechanisms. One is
the burnout term, which represents the
absorption of a neutron by the Xe-135 as
indicated in the following reaction:

135Xess+1ng — 136Xes, +7

Xe-136 has a low absorption cross section. The
other mechanism is radioactive decay as indicated
in the following reaction:

B- 3-
135Xe sy > 133Csss — 135 Ba 4 (stable)
9.2 hr. 2.x106 yr.

The following diagram helps to develop a feel for
xenon increase or decrease as a function of
current and preceding operation:
burnout (+n)
135 Xe o,
decay (9.2 hr.)

135 153 formation

6.7 hr.

From this diagram, one can associate the
formation term largely with prior operation and
the burnout term +n with current power level.
For example, after some hours of operation, then
sudden shutdown, the xenon simply cannot
decay as fast (9.2 hr) as it is being formed (6.7
hr) for a while. Conversely, a sudden rise in
power level equates to an increase in neutron flux
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(the burnout term) and, for a while, the xenon
depletes faster than it can be formed from decay
of the iodine backlog created at the lower power
level.

_ Xe-135 concentration (atoms/cm3) is slowly built
up to an equilibrium. This is due primarily to the
. relatively long half lives of 1-135 (6.7 hr) and

~ Xe-135 (9.2 hr). Because of the high thermal -

-'neutron cross section of -Xe-135, as the
concentration of the isotope increases, so does
the macroscopic absorption cross section of the
core increase. Operationally, as xenon builds up,
other poisons in the core (control material such
as .control rods)_ must be removed, thus
"-maintaining criticality. Provided one has enough
- control material to remove during this xenon
buildup, after approximately 40 hours of power
_.operation it reaches equilibrium, a point at which

- the production of Xe-135 is equal to the removal
,of Xe-135-by -neutron capture plus the loss of
" Xe-135 through radioactive decay.

The equilibrium .value for: the xenon

- neutron flux level (power level). Since an
absorber is added to the reactor when xenon is
built into the system, its effect on the chain
reaction can be described in terms of reactivity.
The multiplication factor is lowered primarily

through the decrease in the thermal utilization

factor.

. A change in power causes a transient in xenon
concentration. ‘At the end of the transient, which
.. takes about 2 days, the xenon concentration

- reaches its new equilibrium, assuming that

power is left constant after the change.

Suppose a reactor has reached an equilibrium
xenon concentration and the reactor is then shut

down. When a reactor is shut down, the thermal
neutron flux is reduced essentially to zero.

The 1I-135 decays more-rapidly (112 = 6.7 hr)

..than does Xe-135 (t1, = 9.2 hr); therefore, after
. 'When the reactor is first brought to power, the -

shutdown, the concentration of Xe-135 builds up
to a peak: Peak xenon depends directly upon the
concentration of Xe-135 and I-135 present in the
reactor at the time of shutdown. Xe-135
concentration rises for a period of about 7 to 11
hours after shutdown (Figure 1.7-15). The exact
time required to reach a maximum depends upon
the Xe-135 and. I-135 concentration’-before
shutdown which, in turn, is dependent ‘upon
power history. By this time, much of the I-135

'
P

- has decayed causing the rate'of xenon production
* to be less than the rate of Xe-135 decay, and the

Xe-135 concentration decreases.

The greater the power level before shutdown, the
greater will be the concentration of iodine in the
reactor at the time of shutdown and, thus the
greater will be the.increase in xenon

] concentratlon after shutdown. If the value of the
concentration is a function of the reactor's

posrtrve reactrvrty needed to overcome the
negative reactivity due to peak xenon is not
available from the control rods, reduced steam
voids, and temperature, the reactor cannot be
taken critical at this time. ;

When reactor power is reduced but kept i in the
power range the behavior of xénon is similar to
that after shutdown but the height of the peak is

'conmderably reduced because there is still a
) ,SIgmﬁcant flux to burn out the Xenon. ‘About 40
10 50 houts after a decreasmg power maneuver

xenon reaches the new equlhbrlum value for the

' new power level (F1gure 1.7- 16)

,When reactor power is 1ncreased xenon
_ concentration 1n1t1a11y decreases as burnout
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increases and production initially remains
essentially constant because of I-135 decay.
After a few hours (roughly 4 to 6 hours
depending on power levels), the xenon
concentration reaches a minimum and
subsequently increases to the equilibrium level
for the new higher power level. This is reached
in roughly 40 to 50 hours (Figure 1.7-16).

Promenthium-Samarium Fission Product
Absorbers )

Next to Xe-135, the most important fission
product poison is samarium-149 (Sm-149), a
stable isotope with an absorption cross section of
4.08 x 104 barns which has an equilibrium
reactivity poison effect of the order of -0.01
AK/K. It is the end product of the decay chain
which follows:

B- B3-
1.7 hr. 47 hr.

This occurs with a total fission yield of about
1.4%. Sm-149 is a stable nuclide and is removed
only by burnout.

After shutdown, promethium (Pm) will continue
to decay to samarium and there is no removal of
samarium; thus the samarium concentration
increases after shutdown until there is no
promethium left in the reactor (Figure 1.7-17).

Considering an operating BWR, it takes
approximately 500 hours at full power for
Sm-149 to build up to an equilibrium
concentration. In addition, Sm-149 concentration
builds up to a constant value after shutdown but,
because of its smaller microscopic absorption
cross section, long time constant, low fission
yield, and the longer half life of Pm-149,
transient samarium absorptions are less important

than those of Xe-135. Samarium is often treated
as an equilibrium poison.

Coupled Steam Void Feedback

The large negative void reactivity in a BWR
causes a flux increase from local Xe-135 burnout
to be heavily damped. For example, if the local
flux starts to rise in a PWR, the xenon burnout
caused by the rise causes the flux to increase
further. In a BWR, when the local flux
increases, boiling also locally increases and the
reactivity feedback reduces the flux.
Consequently, the spatial xenon shape cannot
easily shift in the radial direction in a BWR
because of the damping from steam void
reactivity feedback and the BWR is inherently
spatially stable to xenon transients. Axial flux
and power distribution transients can occur
because of spatial xenon shifts in a BWR.
However, unless these transients are driven by
inappropriate operator movement of control rods,
they will always be damped in 16 to 25 hours by
the steam void reactivity feedback which acts like
an axial shock absorber. (The power can shift
downward in a BWR more easily than it can shift
upward as a result of the more negative steam
void reactivity coefficient in the top of the core).

Fission Product Absorbers - Summary

In summary, it can be stated that fission product
absorption has not caused any serious operating
problems in BWRs and none are expected. Near
the end of a fuel cycle, it is possible that the time
required to return to rated power from a
shutdown could be limited by xenon. The delay
would not be very long in any case and, in fact,
return to power is usually limited by other
considerations.
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After a significant change in power level or
power shape, the operator will observe a power
drift and an axial power distribution transient as
xenon comes into equilibrium. If necessary,
following xenon building, the power level may

be reduced temporarily by flow control to-

readjust the rod pattern to permit further power
ascension by flow control.

Fuel Depletion and Burnable Poisons

The long term mechanisms affecting reactivity in
the power range are fuel depletion and the burn
out of the burnable poisons.

Excess reactivity is loaded into the core to allow
operation at 100% power for a given length of
time. Factors considered in the amount of excess
reactivity include fuel cycle length, fission
product poisons, voids, and means to avoid flux
peaking problems. This excess reactivity is
controlled by control rods and by burnable
poisons. When considering only the effect of
fuel burnup, as the fuel is burned up, the core
becomes less reactive, and control rods must be
withdrawn to maintain 100% reactor power.

To allow loading more fuel (higher Kexcess)
without increasing the number of control rods or
reaching flux peaking problems, the burnable
poison gadolinium (Gd) is loaded into the core.

Figure 1.7-18 shows the relationship of burnable
poisons and fuel depletion over core life. From
points A to B, the core becomes less reactive
because of the buildup of Samarium. From
points B to C, the core becomes more reactive
for two reasons. One is that the burnable poison
is burning up. Secondly, Pu-239 is building up.
Of the two, the poison burn out is the most
significant. At point C, the Pu-239 build up rate
has decreased and the poison burn out and fuel

burn up are about equal. From point C.to the
end of the core life, the fuel burn up is the
overriding factor and the K¢ycess drops to a point

. where 100% reactor power cannot continue
-using normal control means. ’

?

Two tests are conducted at various times in core
life to ensure that the core Kexcess is following
predictions. One, termed the shutdown margin
test, is conducted at the beginning of core life
and ensures that the reactor can be made
subcritical any time in core life by at least a
certain value of K. If point C (Figure 1.7-18) is
greater than point A, this difference is called R,
and the shutdown margin specification is
increased to account for this.

The second test is the reactivity anomaly test. It
is conducted periodically over core life and
ensures that for a given exposure the reactivity is
within 1% of that expected for the critical control
rod configuration.

Standby Liquid Control System

If the operator believes the reactor cannot be
shutdown or remain shutdown with the control
rods, the Standby Liquid Control (SLC) System
(Section 7.4) provides him an alternative means
for reactivity control.

The SLC System injects a neutron absorbing
poison solution, sodium pentaborate, into the
reactor vessel to shut down the reactor
independent of any control rod motion, and
maintain the reactor subcritical as the plant is
cooled to maintenance temperature.

The SLC System can perform its function at any
time in core life.
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Power Range - Summary

When the plant startup is complete, power range
operation is normally steady state. Small power
changes required to accommodate grid load
changes are normally done by adjusting
recirculation flow. Control rods are moved at
low power, usually under the direction of the
nuclear engineer, to offset fuel depletion or
fission product poison reactivity.

USNRC Technical Training Center 1.7-18 Rev 0197
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1.8 THERMAL LIMITS
Learning -Objectives:

1. List the three basic BWR thermal limits
and explain the purpose of each.

2. Define fuel &amage and explain the

mechanisms which could cause fuel
. damage. :
3.  Define the following terms used in-the
study of BWR thermal limits: .
a. Lmear Heat Generation .Rate
; (LHGR) N
b. Average Planar Lmear Heat
- Generation Rate (APLHGR)
c -Critical Power
d. - Critical Power Ratio (CPR)
e -Safety Limit MCPR
f -MCPR Operating Limit

1.8.1 Introduction

Thermal limits are provided to minimize the radio-
logical release from the plant during normal
- operation, abnormal operation, abnormal
operational transients, and postulated accidents
by restricting plant operation so that the fuel
cladding integrity is maintained. «

. 1.8:2 Thermal Limit Description
,Theﬁﬁal limits are ﬁrovidéd for normal (;peration

. and transient events to maintain the integrity of
.the fuel cladding. - This objective is achieved by

limiting fuel rod power density to avoid

overstressing the fuel cladding because of fuel
.- pellet-cladding ‘differential expansion and by
- _maintaining nucleate boiling around the fuel rods
so that the transition to film boiling is avoided.

The thermal limits established for these purposes

- are the linear heat generation rate (LHGR) limit

and the minimum critical power ratio (MCPR)
limit. ) =

A thermal limit is provided for postulated
accidents to maintain the core- geometry by
minimizing the gross fuel -cladding failure
because of the heatup following a loss of coolant
accident (LOCA). - The thermal limit established
for this purpose:is the maximum average planar
linear heat generation rate (MAPLHGR) limit.

The basic thermal limits are shown in Flgure 1.8-
1. Table 1.8-1 gives values for BWR/3, BWR/4,

- BWR/5, and BWR/6 core- parameters and is

provided for reference only. -
1.8.3 Background ’information ‘

In order to understand the BWR thermal limits, it
is necessary to have an.understanding of related
background material such as heat transfer and
fluid flow characteristics. This subject material is
discussed in the paragraphs that follow.

1.8.3.1 Heat Transfer -

In light water reactor operation, heat is
transferred from the fuel center line to the light
water moderator which comes into contact with

. ~the outer fuel cladding surface. ‘The heat can be

transferred by conduction, _convection, or
radiation. Conduction and convection are the
modes of heat transfer of primary interest in
nuclear power plant operations. :

Conduction

- When heat is appliéd to a matén'al, the kinetic

energy of the atoms or molecules of the material

- is increased. Because of this increase in kinetic

" USNRC Technical Training Center
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energy, the particles have a greater tendency to
collide with each other. When these collisions
occur, the particles transmit a’ portion of their
kinetic energy to neighboring atoms. This is
conduction.

This is the process by which heat generated in the
fuel pellet is transmitted to the outer cladding
surface. In relation to the fuel rod, this
conduction flow is in a horizontal plane from the
fuel center line to the cladding surface.

Convection

Convection is the process of transmitting heat
from a heated surface or area to a ‘fluid by
circulation or mixing of the fluid.: Convection
takes place only in fluids.

The application in this case deals with a fluid
(moderator) flowing past a metallic fuel cladding
surface. Fluids have a tendency to adhere to
solid surfaces resulting in the formation of a
stagnant film on the surface. This film is
normally very thin and heat is transferred across
this film by a combination of conduction and
convection. After the heat penetrates the film, it
is transferred rapidly through the remainder of
the fluid by mixing.

The resistance of heat flow is so'low that there is
virtually no temperature variation through the
bulk of the fluid (moderator) at any given
elevation along the fuel rod.

3

Radiation '

Radiation heat transfer is the transmission of heat
in the form of radiant energy from one object to
another across an intervening space. This form
of heat' transfer is avoided in niiclear power
plants because very high temperature differentials

are required to transfer a significant amount of
heat. If high temperatures were allowed to
occur, the materials would degrade.

1.8.3.2 ° ' Boiling Heat Transfer

The boiling heat transfer curve is shown in
Figure 1.8-2. The amount of heat transferred
from the fuel cladding to the coolant is greatly
affected by the coolant properties and by the
thermal and hydraulic conditions of the coolant.
The rate at which heat is transferred from the
cladding, the' heat flux, is dependent on the
specific temperature difference between the
cladding and the coolant (AT) and the heat
transfer coefficient. The heat flux may be plotted
against the temperature difference between the
cladding and the coolant. This curve can be
divided into boiling regions corresponding to the
regions shown in Figure 1.8-2. The heat transfer
coefficient in each region is controlled by the
mode of heat transfer in that region.

The first region is single phase convection heat
transfer. The heat flux increases somewhat with
increased AT.

The second region is associated with subcooled
nucleate boiling. Subcooled nucleate boiling is
boiling that occurs at the cladding surface while
the bulk coolant temperature is not yet at
saturation temperature. The steam bubbles may
collapse before departing from the cladding
surface or they will collapse as they enter the
subcooled region after departing from the
surface. This mode of convective heat transfer is
a complicated mixture of single phase convection
and nucleate boiling modes of heat transfer.

The next region is fully developed bulk nucleate
boiling.-Nucleate boiling is a very efficient mode
of heat transfer because of high turbulence
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created by the boiling process. Annular flow
exists at the outlet of high power fuel assemblies
during normal operation. The fuel rod surface
remains in a well cooled, nucleate boiling type of
- heat transfer state. Nucleate boiling is maintained
_in the core in all modes of normal operation and
- in-all transient conditions caused by a single
- operator error or equipment malfunction.
- The -heat- flux increases as the. temperature
_ difference between the cladding and the coolant
increases. -There is-a point, however, at which
the heat transfer coefficient no longer increases
with an increased AT. . There is a transition
boiling regime where the boiling mode changes
from nucleate boiling to film boiling. This region
is highly unstable and is characterized by the
intermittent physical rewetting of the heated
surface by the coolant. The beginning of this
- region is called onset of transition boiling (OTB)
and is labeled so on Figure 1.8-2. The OTB
point is avoided in the BWR by remaining within
the critical power ratio thermal limit.

The crosshatched region represents temperature
oscillations which take place during transition
boiling. At a given heat flux the clad surface

. temperature will oscillate between a point on the

- right in the crosshatched region and a point on
the left in the crosshatched region along a
. horizontal line. This is caused by intermittent
physical .rewetting of the clad surface. At the
point of onset of transition boiling (OTB), the
temperature oscillations reach 25°F in magnitude;
this is defined as the critical power point.

1.8.3.3 Fluid Flow

Figure 1.8-3 shows the different flow patterns
which can exist in a fuel bundle during normal
operation. As coolant (single phase liquid) enters
the -fuel bundle, it is slightly subcooled, and

begins to gain _heat from the forced flow
convection mechanism. Because of subcooling,
there is little or no bubble formation. - As energy
is gained, the coolant temperature increases until

rnucleate boiling with its attendant bubble

formation begins. Early states of nucleate boiling

- occur while the.bulk coolant in the bundle is

. below liquid saturation enthalpy, and the bubbles
readily collapse-as the turbulent flow and their

.- buoyancy sweeps them away from the cladding

.surface. A point will be reached where the bulk
-coolant enthalpy.is.at liquid saturation, (bulk
. boiling) and the bubbles will no longer collapse
in the coolant.as they are swept away. - The
bubbles now begin to exist separately throughout
the bulk coolant, causing a significant steam
fraction to be present in the coolant. From this
point to the bundle outlet, the bubbles continue to
‘form at the fuel rod surface (nucleate boiling) and
to be swept into the coolant and begin to coalesce
- into larger and larger:slugs of steam. At the
outlet of very highest powered fuel bundles,
steam may fill most-of the bundle flow area
between fuel rods, but a thin-annulus of water
. adheres to the fuel rod surfaces. In this annular

., flow region, the wetted rod surface is still

transferring heat through the nucleate boiling
mechanism.

Fuel Channel Parameter Characteristics

» Figure 1:8-4-shows a plot of coolant and fuel
. bundle temperature versus flow path length of an
-average fuel bundle. Coolant enters the bottom
of the core, ﬂows upward around the fuel rods,
‘and absorbs energy from heat transfer originating
from the-nuclear process. . Because of the
peculiar characteristics of neutron-caused fission
reactions; the average heat flux (Q/A) produced
from fission in the core assumes a shape
somewhat like that shown in Figure 1.8-4. The
highest heat flux is in the core interior, hence
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some fuel bundles have a higher than. average
heat flux while some have a lower than average
heat flux. '

The coolant temperature curve rises as heat is
added, until temperature saturation occurs, and
coolant bulk boiling begins. From this point the
coolant temperature remains constant all the' way
to core outlet. Because the coolant is changing
phase, the coolant temperature. profile is not
altogether descriptive of coolant energy increase.
A better description is obtained by plotting
coolant enthalpy change, which continuously
increases from core inlet to outlet, with the
largest rate of increase at the maximum value of
heat flux.

" The curve for fuel rod surface temperature rises
and then levels at a constant value above coolant
temperature. The initial rise is caused by the AT
across the film required to accommodate the heat
flux (Q/A) during single phase forced convection
heat transfer. The fuel rod temperature levels off
when nucleate boiling starts. Nucleate boiling is
an excellent heat transfer mode; therefore, even
thought the heat flux increases, the AT across the
boiling film remains relatively constant.

The curve for fuel rod center line temperature is
above that of the fuel surface temperature. The
amount that the center line temperature is greater
than surface temperature depends directly on the
heat flux. The beneficial effects of nucleate
boiling on center line temperature can also be
seen.” As Jong as nucleate boiling is occurring on
the fuel ‘rod surface, the fuel rod surface
‘temperature is only slightly greater than liquid
temperature. This, in turn, keeps the fuel center
line temperature at a lower value than if single

phase convection were the mode of heat transfer

from surface to liquid.
Fuel Temperature Profile

Figure 1.8-5 illustrates a typical fuel temperature
cross section with nucleate boiling at a high heat
flux. The beneficial effect of nucleate boiling can
be seen. Aslong as nucleate boiling is occurring
on the fuel rod surface, the fuel rod surface
temperature is only slightly greater than liquid
temperature.” This, in turn, keeps the fuel center
line temperature at a lower value than if single
phase convection were the mode of heat transfer
from surface to liquid.

1.8.4 Fuel Damage

Fuel damage is defined for design purposes as
perforation of the cladding, which permits release
of fission products. The mechanisms which
could cause fuel damage in reactor transients are:

* Rupture of the fuel cladding because of
strain caused by relative expansion of the
uranium dioxide (UO;)pellet and the fuel

- cladding. o

* Severe overheating of the fuel cladding
caused by inadequate cooling. Fuel
damage that results from local
overheating of the cladding is
conservatively defined as the onset of the
transition from nucleate to film boiling.

1.8.5 *The LHGR (Thermal-

Mechanical) Limit

Linear heat generation rate (LHGR) is the surface
heat flux integrated over each square centimeter
of cladding material in one linear foot of a fuel
rod. Limits on LHGR are set to restrict the strain
on the fuel cladding because of relative expansion
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of the fuel pellets and the cladding. A value of

* 1% plastic strain of the cladding is conservatively
defined as a threshold below which fuel damage
due to fuel cladding overstraining is not expected

.10 occur.

: Relative expansion arises from several sources:
the UO, fuel thermal expansion coefficient.is
approximately twice that of zircaloy; the fuel
pellets operate at higher temperatures than the
cladding; -the fuel pellets undergo irradiation
growth as they are exposed; and the fuel pellets
;crack "and ‘redistribute toward the cladding

. because of thermal stress. Cladding cracking

_‘because of differential expansion of pellet and

cladding is prevented by limiting fuel pin power

- 50 that 1% plastic strain does not occur.

The linear heat generation rate required to cause
1% cladding strain in 8 x 8 fuel is approximately

25 KW/ft for unirradiated fuel, but decreases
with burnup to a.value of approximately 20

- KW/ftata local exposure of 40,000 MWd/MT.
The desrgn LHGR for 8 x- 8 fuel is 13. 4 KW/ft

‘which provides a margin to the 1% plastic strain

-threshold. The design LHGR for newer 8 x 8

- fuel and 9 x 9 fuel is 14.4 KW/ft.

¢

'1851

Suppose we plot a graph of stress as a functron
of the corresponding strain. If Hooke's law is

Elastrcrty xand Plastlcrty

+

obeyed, stress is directly proportional to strain -,

and the graph is a straight line. Real materials
show several types of departures from this
idealized behavior.

"Figure-1.8-6 shows a typrcal stress-strain graph
.~ for a metal such as copper or soft iron. The stress
“in this case is a simple tensile stress, and the
strain is shown as the percent elongation. The

: deformatron
) 1rreversrble, (when the stress is removed the

first portion of the curve, up to a strain of less
than 1%, is a straight lrne, indicating Hooke's-
law behavior with stress directly proportional to

_ strain. This straight-line portion ends at point a;
_ the stress at this point is called the proportional

limit.

From a to b, stress and strain are no longer
proportional, but if the load is removed at any
point between o and b, the curve is retraced and

_the_ materral returns to its original length In the
- entrre region ob the matenal is sard to be elasuc

or to show elastic behavror Point b the end of
this region, is_ called the yield pornt and the
corresponding stress is called the elastic limit. Up
to this point the forces exerted by the matenal are

. conservative. When the load is removed the

material returns to its or1g1na1 shape, and the
energy put into. the materral in causing the

.deformation 1s removed The deformatlon 1s said

to be reversible. | s
If the stress 1s. 1ncreased further, the strain
increases rapidly, but. when ‘the load is ‘removed
at some point beyond b say c, the matenal does
not come back to its orrgrnal length but traverses
the thin line in Figure 1.8-6. The length at zero
stress is now greater than the onornal lencth and

; the materral is said to have a perrnanent ‘set.
- Further 1ncrease of load beyond ¢ produces a
-large 1ncrease in’ strain (even if “the stress

decreases) until a pornt d is reached at whrch

,fracture takes place From b fo d, “the rnaterral is

sald to. undergo plastrc flow, or plastrc
A plastrc deformatron is

materral does not return o 1ts ongrnal state. If a
large amount of plastrc deformatron takes place
between the elastic 11m1t and the fracture point,
the metal is said to be ductile; but if fracture
occurs soon after the elastic limit is passed, the
metal is said to be brittle.
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1. 8.6 The APLHGR (ECCS/LOCA)
* Lmut

Average planar linear heat generation rate
(APLHGR) is the average LHGR of all fuel rods
in a given fuel bundle in a given horizontal plane
(actually a 6 inch slab or node). This parameter
is important in the core heatup analysxs for aloss
of coolant accident (LOCA)

In the ‘event of a LOCA, the heat ‘stored in the
fuel at the time of the accident and the decay heat
produced following the accident -could
significantly damage the fuel. In the case of
somé LOCAs, nucleate boiling is maintained
around the fuel long enough for the majority of
the stored energy in the fuel to be conducted to
the coolant; thus fuel damage is mlmmlzed In
the design basis LOCA, however, the core region
is voided of liquid coolant in a relatively short
time. If the fuel is’operating at a high power
level, the stored energy in the fuel could lead to a
gross cladding failure and possible severe
degradation of core geometry. Once water is
removed from the claddmg, radlauon is the only
heat transfer mechanism.

Gross cladding failure is prevented by placing a
hmlt on the power level which would result in a
peak claddmg temperature (PCT) of 2200°F
following a LOCA. The thefmal limit specified is
the APLHGR which'is used because the PCT
followmg a postulated LOCA is pnmanly a
function of the average heat generatwn rate of all
the rods of a fuel assembly at any axial location
and i is dependem only secondanly on ‘the Tod-to-
“ rod power distribution within an assembly The
peak claddlng temperature is calculated assuming
“"an LHGR for the hlghest powered rod less than
or equal to the design LHGR corrected for fuel
denmﬁcauon

The thermal limit in this case is given in terms of
the incore maximum APLHGR (the MAPLHGR)
and is specified for each individual fuel type as a
function of fuel exposure. The units of. the
MAPLHGR are the same as those of the LHGR
(KW/ft) even though the parameters are different.
Typical MAPLHGR limiting values are depicted
in Figures 1.8-7, 1.8-8 and 1.8-9.

ECCS/LOCA and Thermal-
- Mechanical Limits

1.8.6.1

The ECCS/LOCA limit and the thermal-
mechanical limit can be combined into. one
number. Current' GE BWR MAPLHGR limits
(as a function of exposure) are based on the most
limiting value of either the ECCS/LOCA limits or
the thermal-mechanical design limits. Since the
thermal-mechanical design limit is included in the
determination of the MAPLHGR limit, it can not
be exceeded if the MAPLHGR limit is met.
Separate specification of the steady-state thermal-
mechanical limit in the Technical Specifications is
redundant. Therefore, GE has proposed and the
NRC has agreed that the separate,-redundant
steady-state thermal-mechanical limits be
eliminated from- Technical Specification. The
MAPLHGR limit will continue to provide
assurance that the limits in 10CFR50.46 will not
be exceeded, and that the fuel design analysis
limits defined in NEDE-24011-P-A (GESTAR-
II) will be met.

1.8.7 The CPR Safety Limit

1
- i

Critical power is the fuel bundle power required
to cause transition boiling somewhere in the fuel
bundle. The critical power ratio (CPR) of a fuel
bundle is the ratio of its critical power to the
actual fuel bundle operating power. The CPR is
a-measure of how close to transition boiling a

+ fuel bundle is operating. The minimum value of
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the CPR for all fuel bundles in the core is the
minimum critical power ratio (MCPR) and
:represents the fuel bundle which is the closest 10
transition boiling. 'MCPR limits are imposed to
avoid fuel damage due to severe overheating of
-the cladding. -
The MCPR safety limit is set at 1.07 to ensure
“that in:the event.of an abnormal operating
_transient, more than 99.9% of the fuel rods in the
core are expected to avoid transition boiling,
. provided the limit is not exceeded. The margin
" between an MCPR of 1.0 (onset of transition
boiling) and the safety limit is derived from a
detailed statistical analysis. of uncertainties in
monitoring the operating state of the core and in
. the boiling transition correlation. -
1.8.7.1. - The GEXL Correlation
The General Electric Critical Quality (Xc) -
- Boiling Length (L) (GEXL) correlation predicts
the occurrence of transition boiling. The onset of
transition boiling point is a function of many
- ‘parameters: local steam quality, heat flux, mass
“’flow rate, boiling length (LB), pressure, flow
geometry, core inlet subcooling, and local
peaking patterns. The General Electric Company
(GE) has conducted extensive experimental
investigations of the transition boiling event and

its relation to these parameters over their design - IS CL . R
T | - The test results of the ATLAS Test Facility were

range.-
The boiling transition testing was done at the
Atlas Test Facility, which was specifically
- designed to simulate real reactor conditions and
to handle transients as well as steady state
- conditions.:
bundle components (lower tie plate, fuel rod
interim spacers, upper tie plate, fuel channel, and
fuel bundle rods) were dimensionally the same as
those used in the BWR. The fuel rods were

. The Atlas Test Facility test fuel -

electrically heated to simulate nuclear heat. Axial
power shapes and local peaking of specific rods
were simulated by varying the thickness of the

- fuel rod conductor. The fuel rods which were

-

expected to achieve the onset of transition boiling
(OTB) were instrumented with thermocouples t0
monitor temperature changes.

The testing procedure involved constructing a
bundle with the desired axial -power shape and
local peaking factor and then establishing a
constant system pressure, bundle flow rate, and
inlet subcooling. The power in the test bundle
was slowly increased until the onset of transition

‘boiling was indicated by a signal from a rod
.thermocouple. A rod thermocouple was consider-
-ed to be indicating a boiling transition condition

when about 25°F, rod surface temperature. rise
was observed on a strip chart recorder. The

. bundle power at this point was defined as critical

power.

The data for each 'boiling transiﬁon pdirit were
recorded and .the inlet subcooling was changed
for the next test. The inlet subcooling was varied

. for each .test until the desued range had been
.-covered.- A similar .progedure was used to .study

the variation in the OTB point relative to changes
in. reactor_pressure, inlet. flow, -axial power

_shape, and local peaking.

analyzed extensively-to find a correlation that
could be used to predict how close actual

_operating conditions are to OTB. GE chose the

critical quality ,versus. boﬂmg length for
correlating the boiling transmon data because it is

. independent of axial flux profile and subcooling,

it yields good precision, and it is fairly sunple to
apply in both design and operation.
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Critical quality X, is defined as the fuel bundle
planar quality at the plane where boiling
transition occurs, and boiling length Lg is
defined as the distance from the plane where bulk
saturation conditions are reached to-the plane
where boiling transition occurs.

The GEXL correlation curve in Figure 1.8-10
shows that, for that specific reactor condition,
boiling transition occurs at a distance LB from
the plane of saturation if the quality rises to the
critical ‘quality X.. Both the axial elevation where
saturation occurs and’ the quality at any axial
elevation can be easily calculated by doing an
enthalpy balance on the fuel bundle. This makes
the determination of the critical power ratio
(CPR) using the GEXL correlation relatively
simple to apply to existing operating conditions.

Line (1) of Figure 1.8-10 represents a heat
balance plot of average steam quality versus
distance along an operating fuel bundle from the
start of bulk boiling. For-the same initial
parameters as the operating bundle (mass flow
rate, pressure, etc.); line (3) represents the
quality-boiling length points which would result
in transition boiling. By successively increasing
bundle power from its initial level, a set of
curves, located somewhere abové curve (1), can
be generated until the bundle- power is' high
enough that its curve becomes tangent at some
point to the correlation curve (3). Thé bundle
~ power corresponding to curve (2) is the critical
power, or the bundle power that is required to
cause transition boiling in'the bundle at the
reactor conditions of interest.

The GEXL correlation is valid over the range of

conditions used in the tests of the data used to
develop the correlation. These conditions are
listed in Table 1.8-2.

1.8.8 The Thermal Power Safety Limit

The use of the GEXL correlation is not valid for
all critical power calculations at pressures below
785 psig or core flows less than 10% of rated
flow. Therefore, the fuel cladding integrity
safety limit under these plant conditions is
established by other means. This is done by
establishing a limiting condition on core thermal
power with the following basis. . Since the
pressure drop in the bypass region is essentially
all elevation head, the core pressure drop at low
power and flows will always be greater than 4.5
psi. Analyses show that with a bundle flow of
28 x 103 Ib/hr, bundle pressure drop is nearly
independent of bundle power and has a value of
3.5 psi. Thus, the bundle flow with a 4.5 psi
driving head will be greater than 28 x 103 Ib/hr.
Full scale ATLAS test data taken at pressures
from 14.7 psia to 800 psia indicate that the fuel
assembly “critical power at this flow is
approximately 3.35 MWt. With the design
peaking factors, this corresponds to a thermal
power of more than 50% of rated thermal power.
Thus, a thermal power limit of 25% of rated
thermal power for reactor pressure below 785
psig is conservative.

Methods to Prevent
Exceeding Thermal Limits

1.8.9

The thermal limits listed in the plant technical
specifications include two safety limits and three
limiting conditions for operation (LCOs).

The LCO for linear heat generation rate
(LHGR) is a maximum value of 13.4 KW/ft (for
older style of 8 x 8 fuel). The LHGR limit can
be exceeded during abnormal operational
transients but is limited by the limiting safety
system settings (LSSS) of the Reactor Protection
System (RPS). The Average Power Range
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Monitor- (APRM) System high power scram
setpoint value is a maximum of 120% of rated
power. Thus, with the core.at 100% power and
some fuel rod operating at its design LHGR
(13.4 KW/ft), the maximum LHGR achieved by

- that fuel rod is 16.08 KW/ft (13.4 KW/ft x

120%), which-is still well below the LHGR
required to cause 1% plastic strain.

The LCO for maximum average planar linear heat
generation rate (MAPLHGR) is listed in graph
form in the technical specifications as a function
of fuel type and exposure. Administrative
control (procedures and technical specification
.license requirements) is the only method to

. prevent exceeding tlns thermal limit.

B
!'\

"Ihe m@mum crmcal power ratio (MCPR) safety

_; limit is a minimum value of 1.07. The limiting
safety_system settings (LSSS) of the Reactor
Protection System (RPS), in conjunction with a .
_ higher operating MCPR limiting condition for

.operation (LCO) discussed in Section 1.8.10.1,
prevent exceeding the safety limit even during
abnormal operational transient. This safety limit
is applicable when reactor pressure >785 psig

- and core flow >10% of rated flow.

‘power.

The core thermal power safety limit, apphcable
“when reactor pressure <785 psig or core flow
<10% of rated, is 25% of rated core thermal
The lirhiting safety system settings
(LSSS) of the Reactor Protection System (RPS)
(specifically the fixed APRM scram at 15% of
rated power with the reactor mode switch not in
the run position) prevent exceeding the safety
limit.

_ transients.

1.8.10 Thermal Limit or Protection
- Modification

Some additional considerations must be taken

into account in order to ensure that the thermal

limits and the protection against exceeding these

.limits are adequate so.that the thermal-limit

function is achieved even under unusual
circumstances. These: considerations are

.discussed in the paragraphs that follow.

MCf’R ;Moc'l:if’icatiqns; for

Limiting Transients

1.8.10.1

The required MCPR at steady state \opre;rating

..conditions is derived from the established fuel

cladding integrity safety-limit MCPR of .1.07,
and an analysis_of-abnormal operational
To ensure that the fuel cladding
integrity safety limit is not exceeded during any
anticipated abnormal operational transient, the
most limiting transients have been analyzed to

determine those which result in the largest

reduction in critical power ratio (ACPR).. The
types of transients evaluated include turbme tnp
without bypass valves, generator load rejection

. without bypass ‘valves, feedwater controller
. failure, pressure regulator failure downscale, 1oss

of feedwater heating, { fuel loadmg error, and rod
wuhdrawal erTor. -

The transients are categorized as rapid
pressurization events (turbine trip without
bypass, generator-1oad rejection without bypass,

. feedwater controller failures, pressure regulator
~ downscale failure) and nonpressurization events
. for the purpose, of analysis.
~ nonpressurization transients are analyzed using
. either the steady state three dimensional BWR

T he slower,

core simulator or the REDY  transient model.

- Rapid pressurization events are analyzed using

the "One Dimensional Core Transient Model”
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(ODYN) and is performed in accordance with
either or both of two methods known as Option
A and Option B.

The operating MCPR limit is’ obtained by
addition of the absolute, maximum' ACPR value
for the most limiting- transient (including any
imposed adjustment factors) to the fuel cladding
integrity safety limit MCPR as shown in Figure
1.8-11. The MCPR operating limit at rated
power and rated core flow is referred to as
MCPR (TRAN. S-ECCS). '

Using Option A, the pressurization transient is
analyzed using the ODYN models to obtain the
change in the critical power ration (ACPR) for the
core. The licensing basis OLMCPR is given as:

OLMCEPR = 1.044 (Safety Limit CPR +ACPR)

Using Option B, a statistical determination of the
pressurization transient ACPR stich that there is a
95% probability with 95% confidence (95/95)
that the event will not cause the critical power
ratio to fall below the MCPR- Safety Limit.
Utilities'using Option B must demonstrate that
their plant's scram- speed distribution is
consistent with that uséd in the statistical
analysis. This is accomplished- through an
approved technical specification which requires
testing and allows adjustment of the operating
limit MCPR if the scram speed is outside the
assumed distribution as shown in Figure 1.8-12.

At conditions of less than 100% core flow or less
than 100% power, the MCPR-operating limit is
additionally adjusted. During these operational
conditions, transients such as Rod Withdrawal
Errors, Feedwater Controller” Failures, or
recirculation pump runouts become limiting. For
this reason, the operating limit MCPR is raised to
compensate for such transients.’ For reactor
power conditions between 25% and 30% the
MCPR operating limit is provided in Figure 1.8-

13. For reactor power conditions greater than
30% power the-MCPR operating limit is the
greater of either (1) the flow-dependent MCPR
limit shown’ in Figure 1.8-14 or (2) the
appropriate- kp given by Figure 1.8-13,
multiplied by the rated flow and rated power limit
obtained from Figure 1.8-12. These reduced
flow or power limits are established to protect the
core from inadvertent core flow or power
increases.
1.8.10.2 ° APLHGR Modifications

The APLHGR limits obtained from Technical
Specification charts are further adjusted for low
flow (Figure 1.8-15) or low power (Figure 1.8-
16) conditions. These additional adjustments
assure that the fuel thermal-mechanical design
criteria are preserved during abnormal transients

initiated from off rated flow or power conditions.

MAPFAC, is usually determined from the
feedwater controller failure event results.
MAPFACy is usually determined by the
recirculation pump runout event results.’

Below Ppyp,s, there is significant sensitivity to
core ﬂov\{ during transients. PBypass is defined as
the power level at which a reactor scram on
turbine stop valve position/turbine control valve
fast closure is bypassed. For this reason the
MAPFAC, is further defined separately for a
high flow (>50% core flow) and a low flow
condition (£50%).

1.8.11 Differences

"ARTS" modifications have been made to many
plants. "ARTS" relates to changes in the Average
Power Range Monitoring (APRM) System scram

setpoints, the Rod Block Monitoring (RBM)
System, and the Technical Specifications relating
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_to these systems.Figure 1.8-17 shows thermal
. limits-and modifications for BWR/3, BWR/4,
s and BWR/5 product line plants not using
"ARTS". :

,Modifications Associated
- _-with the LHGR Limit for
.. _plants not using "ARTS"

~-1.8.11.1

Peaking t’actors are calculated by the Process

. -Computer System and can be used to determine -
Three separate peaking factors are -

. LHGRS."
~ calculated, then combined as a total peaking
factor as follows:

- Local peaking factor = maximum fuel rod heat
- -flux in that fuel assembly at a given elevation /
average fuel rod heat flux in that fuel assembly at
the given elevation.

. Radtal peakmg factor power produced in a fuel
assembly / core average fuel assembly power .

,Axial peaking factor = maximum heat flux along
the length of a given fuel rod / average heat flux
of that fuel rod-

The product of these three factors, illustrated in
Figure 1.8-18, is the total peaking factor (TPF);
and the maximum value of the TPFs for all core
locations is automatically typed out by the
periodic calculation program as the core
maximum peaking factor (CMPF).
definition for TPF or CMPF is:

CMPF = heat flux of the highest power fuel rod
segment / average heat flux of a fuel rod segment

in the core

In the case of a uniformly loaded core (all the

same type 8 x 8 fuel), a design TPF (DTPF) is _

generated. The value of this DTPF is such that

the highest powered fuel rod segment would be
operating at its design LHGR when the core is
operating at rated power with the DTPE. If the
core is operated at rated power with a TPF >
DTPF, then a fuel rod segment somewhere in the
core would be greater than its design LHGR,
thus reducing the margin to its 1% plastic strain

. limit. -

Technical specifications do not directly limit the
DTPF, so it is possible to operate the core with
TPFs >DTPF. Therefore, the core -could be
operated at 60% of rated power with the highest
powered fuel rod at its design LHGR (i.e., 13.4

_ KW/ft)..Now, a transient could cause power and

LHGR's to double ‘before the scram point is
reached, which would put the high powered rods
in the vicinity of the 1% plasttc strain threshold.
To preclude this, whenever a TPF >DTPF, the

'APRM Scram and Rod Block setpomts must be

reduced by the factor DTPF/CMPF which results
in a maximum LHGR of <120% of de51gn at the

, scram setpoint. -~ --.. . - -

For cores that have a mixed fuel configuration,
CMPF is not as useful a tool, since the DTPFs
are, different for dtfferent type fuels. In these
¢cases, an equivalent expression 1s “used to
determine when the APRM~ setpomts ‘must be
reduced:

FRP/CMFLPD _

Another

where FRP 1s the fractton of rated power "and
CMFLPD is_ the core max1mum fractlon ‘of the
hmmng POWET | densny (FLPD) deﬁned by

"LHGR (actﬁal)

'FLPD =
‘ " LHGR (design)

oo
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The Process Computer System will automatically
print out the value of CMPF or
CMFLPD.Whenever the applicable fraction is
less than 1.0, the APRM setpoints must be
reduced.
1.8.11.2 Modifications Associated
with the APLHGR Limit for
plants not using "ARTS"

Plants not using the "ARTS" modification do not
adjust the APLHGR limits with MAPFRAC» or
MAPFRACE.
1.8.11.3  Modifications Assocxated
with the CPR Limit for
BWR/6 product-lines.

Figure 1.8-21 shows thermal limits and
modifications for BWR/6 product line plants not
using "ARTS".

These plants use MCPR; (Figure 1.8-19) or
MCPR, (Figure 1.8-20) as adjustments to
MCPR for operation less than rated flow or
power conditions. The greater of the two limits
obtained from the figures is used as the adjusted
MCPR operating limit. |

1.8.12 Summary

Thermal limits minimize the radiological release
from the pla.nt during normal operation, abnormal
operatmn abnormal operatmnal transients, and
postulated accidents by restricting plant operahon
so that the fuel cladding integrity is maintained.

Limits are imposed on linear heat generation rate
(LHGR) and critical power ratio (CPR) to ensure
fuel cladding integrity during normal and
transient operation. Average planar linear heat
generation rate (APLHGR) is limited to meet
ECCS criteria.

Two fuel damage mechanisms are considered:
fuel cladding cracking caused by high'stress and
fuel cladding cracking or failure caused by lack
of cooling.

LHGR limits are'imposed to prevent fuel
cladding perforation because of mechanical stress
of the fuel pellets. The LHGR limit is set to
account for high local power peaking.

MCPR limits are imposed to prevent cladding

* perforation because of the onset of transition

boiling (breakdown of the heat transfer
mechanism), and are modified to account for
transients and flow conditions less than rated.
When outside’ of the bounds of the correlation
normally used to calculate CPR, limits are
imposed on core thermal power (CTP).

MAPLHGR limits are imposed to restrict the
amount of stored energy in the fuel, thus limiting
the rate of cladding heatup on a LOCA. Power
and flow dependent corrections are applied to the
rated conditions APLHGR to assure that the fuel
thermal-mechanical design criteria are preserved
during abnormal transients initiated from below
rated conditions.

USNRC Technical Training Center

1.8-12

Rev 0197



G.E. Technology Systems Manual Thermal Limits

TABLE 1.8-1 COMPARISON OF BWR

CORE PARAMETERS
PARAMETER BWR/3 BWR/4 BWR/5 BWR/6 "
RATED POWER (MWT) 2527 3293 3323 3579
NUMBER OF FUEL 724 764 764 748
ASSEMBLIES
NUMBER OF CONTROL 177 185 185 177
RODS
VESSEL SIZE 251" 251" 251" 238"
RATED CORE FLOW 98 X 106 102.5 X 105 |[108.5 X 105 | 104 X 108
(LBS/HR)
RATED 9.8 X 106 13.4 X 106 14.2 X 106 154 X 106
STEAM/FEEDWATER FLOW
(LBS/HR)
AVERAGE POWER 36.6 50.7 50.0 54.1
DENSITY (KW/LITER)
HEAT FLUX (WATTS/CM?) | 41.7 51.8 45.3 49.5
HEAT FLUX 132,314 164,410 143,740 159,500
(BTU/HR-FT2)
PEAK HEAT FLUX 396,942 428,124 361,000 361,600
(BTU/HR-FT2)
AVG. THERMAL 3.49 431 4.35 4.78
POWER/BUNDLE (MWT)
TOTAL HEAT TRANSFER | 62,928 66,214 74,871 73,409
AREA (FT2)
AVERAGE LHGR (KW/FT) |5.72 7.05 5.33 5.90
PEAK LHGR (KW/FT) 17.5 18.5 13.4 13.4
DESIGN OR MAX. TOTAL | 3.0 2.6 2.51 2.21
PEAKING FACTOR (FUEL
TYPE DEPENDENT)
HEAT TRANSFER 1.768 1.768 1.581 1.592
AREA/FUEL ROD (FT2)

USNRC Technical Training Center 1.8-13 Rev 0197
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TABLE 1.8-2 GEXL BOUNDING PARAMETER VALUES

PARAMETER VALUE

Pressure: 800 to 1400 psia

Mass Flux: 0.1 to 1.25 106 1b/hr-ft2

Inlet Subcooling: 0 to 100 Buw/lb

Local Peaking: 1.61 at a corner rod t0 1.47
at an interior rod

Axial Peaking: Shape Max./Avg.
Uniform 1.0
Outlet Peaked 1.60
Inlet Peaked 1.60
Double Peak 1.46 and 1.38
Cosine 1.39

Rod Armray: 64 rods in an 8x8 array,

49 rods in a 7x7 array

USNRC Technical Training Center 1.8-15 Rev 0197




G.E. Technology Systems Manual Thermal Limits

TABLE 1.8-3 THERMAL LIMITS CALCULATIONS

MFLCPR = Max Fraction Limiting Critical Power Ratio

MFLCPR = MCPR Operating Limit

MCPR Actual Critical Power
Actual Power

MFLPD =  Max Fraction of Limiting Power Density
MFLPD = MRPD Maximum LHGR (Actual) KW/ft
RPDLM LHGR Limit (13.4 KW/ft) "

MAPRAT = Max Fraction of Limiting Average Planar Linear Heat Generation Rate

MAPRAT = MAPLHGR (Actual Value of Average Planar LHGR) KW/ft

MAPLHGR Limits (from T.S.) KW/ft

USNRC Technical Training Center 1.8-17 Rev 0197
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Purpose

Failure
Mechanism

Cause of
Failure

Limiting
Condition

Item
Measured

Limiting
Parameter

Radioactive Release
From the Plant

Fuel Cladding Cracking
due to Lack of Cooling

Loss of Nucleate Boiling
Around Cladding

Boiling Transition

Total Fuel Bundie Power

Within Limits
Fuel Cladding Gross Cladding
Cracking due Failure due to
to High Stress Lack of Cooling
Fuel Pellet Decay Heat and Stored
Expansion Heat Following LOCA
1% Plastic Strain Clad Temperature
on Cladding of 2200 degree
Local Fuel Pin Average Fuel Pin
in Node Power in Node
LHGR APLHGR CPR

Figure 1.8-1 Thermal Limits
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Figure 1.8-2 Forced Convection Boiling Curve
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Figure 1.8-3 Regions of Boiling Heat Transfer
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Figure 1.8-6 Typical Stress/Strain Curve for Ductile Metal
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APLHGR Limit (kW/ft)
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Figure 1.8-7 Average Planar Linear Heat Generation Rate Limit vs. Average Planar Exposure
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Figure 1.8-8 Average Planar Linear Heat Generation Rate Limit vs. Average Planar Exposure
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APLHGR Limit (kW/it)
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Figure 1.8-9 Average Planar Linear Heat Generation Rate Limit vs. Average Planar Exposure
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Correlation Line

/
/ :
X Versus L Corresponding to

/ Critical Bundle Power

X Versus L Corresponding to
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Boiling Length (L)

Figure 1.8-10 Critical Power Ratio
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CPR Limit

Transient

Margin for Worst-Case
Fuel Transient

CPR Limit
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Figure 1.8-11 MCPR Limits
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MCPR Limit at Rated Flow and Rated Power
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1.33

1.32

1.31

1.30

1.28

1.28

1.27

1.26

125

1.24

//
1
GE11-POHUB293
Lead Bundles
//
/ -~
/
//
GE9B-PBDWB314
/
/
/
//
-/
I
//
0.0 0.1 02 0.3 04 0.5 06 0.7 0.8 08 1.0
TAU

Figure 1.8-12 MCPR Limit as Function of Average Scram Time
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OLMCPR for 25% <0 < 30%
Rated Multiplier (Kp) for P = 30%

26
Operating Limit MCPR (P) = Kp* Operating Limit MCPR (100)
0
25 - >50% Flow for P < 25% : No theraml limits monitoring required
| no limit specified
2.4 : for 25% < P < Pbypass (where Pbypass = 30% for HNP 2)
) i Kp = [Kbyp +.02(30% - P)] / OLMCPR (100)
| and
2.3 | Kbyp = 2.00 for < 50% core flow
t Kbyp = 2.40 for > 50% core flow
22 ] for 30% < P < 45%:
' I Kp = 1.28 + 0.0134 (45% - P)
1 for 45% < P < 60%:
! Kp = 1.15 + 0.00867 (60% - P
21 N | —=< 50%)|Flow oreowgp oY (60%-F)
20 ! Kp = 1.0 +0.00375 (100% - P)
N NN
P\ ~
1.5 |
! |
1.4 : !
. T
L N
1 '3 : ! \
1
| | ) \
12 — ‘
| 1 ! \
. | P | |
| : Bypass | | T —
1.0 1 . | | 1
20 25 30 40 50 60 70 80 90 100
Power (% Rated)

Figure 1.8-13 Power-Dependent MCPR Multiplier (Kp)
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MCPR(F)

1.7

1.6

1.5

Maximum Flow Rate =

/—-—— 117%

———112%
———107%
———102.5%

P,

For Wc (% rated core flow) > 40%
MCPR(F) = MAX (1.20, AfWc/ 100 + Bf)

MAX Flow At Bt
117.0 -0.632 1.809
112.0 -0.602 1.747
107.0 -0.586 1.697
102.5 -0.571 1.655

N

~.

14 \\ \\\
1.3 \\\\\s\\
For We (% rated core flow) < 40% \ \\\
1.2 MCPR(F) = (AfW¢/100 + Bf) D
*[1 + 0,0032(40-Wc)]
11
30 40 50 60 70 80 a0 100 110 120

Core Flow (% rated)

Figure 1.8-14 Flow - Dependent MCPR Limits, MCPR(F)
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MAPLHGR FLOW FACTOR (MAPFACE)

1.0

107.0%

112.0%

MAPLHGRL = MAPFACL. * MAPLHGF!ST

MAPMULT = 1.0 FOR FLOW > 61%

= 0.88 FOR FLOW £61%

Constants Given Below:

MFRPDF(F) =MINIMUM (1.O,AF+ BFF)

F = FRACTION OF RATED CORE FLOW,
AND A, B ARE FUEL TYPE DEPENDENT

MAX Flow~117.0%

MAPLHGRg 1 = STANDARD MAPLHGR Limits

MAPFACF = MINIMUM (MFRPD, MAPMULTE)

For 7X7,
Maximum 8X8, 8X8H For P8X8R
Core Flow
5 |— 102.5 4698 6657 .4861 .6784
107.0 4421 6533 4574 .6758
112.0 4074 6581 .4214 .6807
117.0 3701 6658 .3828 .6886
4 | | | | | |
30 40 50 6 70 80 90 100

1 Core Flow (% Rated)

Figure 1.8-15 MAPFACE

110
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Power Dependent MAPLHGR Factor (MAPLACE)

1.0

4
20

< 50% Core Flow

£ 250% Core Flow

SLO (Single - Loop Operation)

MAPLHGR =MAPFACpL* MAPLHGRgrp

MAPLHGRg+ = Standard MAPLHGR Limits

For 25% > P: No thermal limit monitoring required
(SLO TLO) No limits specified
For 25% < P < 30%
(SLO TLO) MAPFACp=.585 +.005224 (P-30%)
For < 50% Core Flow
MAPFACp = .433 +.005224 (P-30%)
For > 50% Core Flow
For 30% < P:
(SLO TLO)
MAPFACp= 1.0 +.005224 (P-100%)
For 52% < P:
{SLO ONLY)

MAPFACp= 0.75
I ! | | | | | | | | | ! | |

25

30 35 40 45 50 55 60 65 70 75 80 85 Q0 95
Power (% Rated)

Figure 1.8-16 MAPFAC P

100
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Radioactive Release

0694

Purpose .
from the Plant within Limits
| |
Failure Fuel Cladding Gross Claddin Fuei Cladding
Mechanisim Cracking Due Failure Due tog Craciang Due to
To High Stress Lack of Cooling Lack of Cocling
Cause of Decay Heat Loss of Nucleae
Faiure Eﬁ::;: and Stored Heat Bafing Around
Following LOCA Cladding
Cladding
Limating 1% Plaste T ki Boiling
Conditon g‘;;&g; vt Transton
L
[ l | ]
ltem Local Fuel Average Fuel Total Fuel Avera
ge Core
Measured P[': s&“:' Pi': vl Bundie Power Therma! Power
pmng LHGR APLHGR CPR ctP
Ecabl CTP > 25% Press <785 PSIG
Agplcabie CTP>25% CTP>25% Press >785 PSIG o
W, >10% W <10%
Tech. Spec Lco Lco Safety Limt
[ty LHGR< MAPLHGR < MCPR >1.07 by
13.4 KW/FT Table Limit {Reload Core}
Methed to Prevent RPS LSSS
g Lot RPS LSSS Admmnistative RPSLSSS (APRM Fixed 15% Scram)
Additonal
Consideration M’;‘szc‘:_jmng
Transient
Additional T.S. Limvts -
— |
Conanon Requnng TPF ;DTPF Core Flow meK:tFe!dow
odificat
en FLPD>FRP <Rated
met LCO Operating
Modified L NCPR K
Method to Prevent APEM Saram Adrunistrat Adm
ve
Exceeding Lirmit & RE. Setpomts risave

1.8-51

Figure 1.8-17 Thermal Limits & Modifications (BWR/3/4/5, without "ARTS")



RPF - Radial Peaking Factor
RPF = Bundle Power

Average Bundle Power

APF - Axial Peaking Factor

APF =  Nodal Power

Average Nodal Power

LPF - Local Peaking Factor

LPF = Pin Power
Average Pin Power

TPF - Total Peaking Factor

TPF = RPF x APF x LPF

—

00000)
0000

00

\J? 00O

Maximum TPF = Highest Powered Pin in Core

Figure 1.8-18 Peaking Factors

1.8-53

1295



Required MCPR ¢

1.7

1.6

1.5

14

13

1.2

1.1

1.0

20

40

60

Core Flow (% of Rated)

Figure 1.8-19 MCPR¢
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Figure 1.8-20 MCPRp
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Radioactive Release
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Purpose Ly . .
o from the Plant within Limits
| |
Fuel Cladding G Fue! Cladding
Mei:";;,’:,m Cradan%Due Frgi‘l;acggglt%g Cracking Due to
To High Stress Lack of Cooling Lack of Cooling
Cause of Decay Heat Loss of Nucleate
Falure ot and Stored Heat Baling Around
Following LOCA Cladding
Cladding
Limting 1% Plastc Te tire Boling
Condibon %‘g’dgl:g of 3200°F Transition
j -
[ { | |
Hom Local Fue! A Fue! Total Fuel Average Core
Pin Power Pin er ge
Measured in Node in Node Bundle Power Thermal Power
poming LHGR APLHGR CPR cre
CTP > 25% Press <785 PSIG
rgplcable CTP>25% CTP>25% Press >785 PSIG or
W, >10% V& <10%
Tech, Spec Lco LCO Safety Limtt Satety Lima
LHGR< MAPLHGR < MCPR >1.07
Limiaton 13 4 KWIFT Figure Limi (Reload Care) CPR<25%
Method to Prevent RPS LSSS
Exceeding Limit RPS LSSS Administrative RPS L.SSS (APRM Fixed 15% Scram)
Addrional MCPR for
Considerabon Most imsting
Transient
Addtional T.S. Limsts T
I
Condrtion Requirin: - Power or Core Power and Core
Modicaton o Rea® Flow < Rated Flow at Rated
LCO Operating
Modiied Limit MCPR. or MCPRy,
Method to Prevent *2 1LCO OPR. MAPLHGR
Exceeding Limit [wl\'pmc' or MAPFSAQ):] Administrative Administrative

Figure 1.8-21 Thermal Limits & Modifications (BWR/6)
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Radioactive Release
from the Plant within Limits

I

0694

Failure Fuel Cladding Gross Cladd Fuel Cladding
Mechanisim Craciang Due Fathre Dueto. Craciang Dus to
To High Stress Lack of Cooling Lack of Cooling
Cause of Decay Heat Loss of Nucleawe
Falure Fuel Peliet and Stored Heat Bolling Around
- Folloming LOCA Cladding
1% Plastic Cladding Boi
Limting Temperature 9
Stram on Transton
Condrion Cladding of 2200°F
L
l | I 1
Local Fuel Average Fuel
ftem Total Fuel Average Core
easu Pin Power Pin Power
Measured in Node in Node Bundie Power Themal Power
Pgmef LHGR APLHGR CPR cTP
CTP>25% Press <785 PSIG
mg‘: CTP>25% CTP>25% Press. >785 PSIG o
W, >10% W <10%
Tech. Spec. Lco LCO Safety Limet Satety Limt
rrtaton LHGR< MAPLHGR < MCPR >1.07
u 134 KWIFT Tabie Lirxt {Reload Core) CPR <25%
Method o Prevent RPS LSSS
. RPSLSSS RPSLSSS (APRM Fixed 15% Scram)
Additional MCPR for
Consideration Mot Limting
Transient
Addonal T.S. Lirrts 1
I 1
Condiion Requinn Power or Core Power or Core Core Flow
Modicane(:i o Flow < Rated Fiow < Rated Rated
ji LCO Operatng MAPLHGR » LCO Operatng
Mocified Limt [MAPFRACy or MAPFRACp) MCPRKy or MCPRy
ethod event
MExeee:ion'g,r Lmit Admemstrative Administratve

Figure 1.8-22 Thermal Limits & Modifications
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1.9 - BWR CHEMISTRY

ta

Process chemistry .in _a nuclear_power plant
~involves water chemistry for control of the water

. quality similar to that used in conventional plants

and radiochemistry that is unique to .a nuclear

. plant.- The presence of the radioactive materials

does not affect the water chemistry but it does
make the processing of wastes and controlling of
discharges more complex. The radionuclides in

. the process streams simplify many analytical
measurements and can be used as tracers to
- diagnose and evaluate plant performance.

_The first part of this section deals with water

~quality within the plant and the means that are

used to maintain the. water. purity. Water
purification. is.an important-part of plant

- operations:and is done by conventional ion
. exchange and filtration processes to maintain the

required purity of the coolant and to control

_radioactivity in the plant. Conventional chemical
_parameters, such as conductivity, chlorides, and

silica are discussed as well as the water quality
limits for various process streams. Basic
radiochemistry considerations are also covered in
this section.

1. 9‘.1 The BWR Cycle

A b0111ng water reactor (BWR) isa closed cycle

 water processmg plant that uses very high punty
~water in all parts of the system Water quallty in

one part affects the quality of the water in other
parts. o

4., s

The BWR closed cycle water system is shown in

" Figure 1 .9-1. Condensed steam is collected in

the hotwell which is located below the ‘cooling
tubes of the condenser. P0551ble tube leaks in
the condenser can ‘result in c1rculatmg water

entcrmg the hotwell and introducing 1mpunt1es

.

. possible

When the circulating water -is seawater, .the
consequences of very small tube leaks can be
quite significant. Therefore, special precautions
are required in seawater cooled plants.

- The hotwell water is.deaerated to reduce the
-.content of oxygen dissolved in the water. It then

passes through- full flow :-condensate
demineralizers in order to obtain .the- purest
-feedwater. The - condensate
demineralizers remove insoluble, corrosion

- products by filtration, .and dissolved “ionic
~materials (i.e., metals and salts) by ion exchange.
- They afford limited protection from condenser

tube leaks until corrective action is initiated. This
corrective action can range from injecting
sawdust into the circulating water, to isolating the

, appropriate water.box, to scramming the reactor
- to shut down the plant. Coen

- The feedwater passes through the feedwater
“heaters and enters the reactor at.about 420°F.
. Since there is no blowdown of the reactor water

_as there is in a fossil boiler (except for a very

“small amount of primary.system leakage) and
“there is very low .carryover (<0.1% with the
" steam), the reactor water concentrates all of the

.soluble and insoluble materials that enter via the
-feedwater.: The Reactor Water Cleanup System

- (Section 2.8) removes soluble corrosion and
. fission products from the reactor water, but it has
-only>a limited ability to remove insoluble

.corrosion. products. - Thus, extremely" pure
feedwater is a necessity. : S .

No additives are used in a BWR to control pH,
oxygen, or reactivity.::Pure,low conductivity
water with very low chloride levels is the most
: important chemical criterion for the reactor water.
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1.9.1.1 ' Control of Water Quality

The primary reasons for controlling water quality
are to control the corrosion of materials used in
the plant and to minimize the levels of radioactive
nuclides in the coolant. In'a nuclear plant, two
types of corrosion are of concern: the general
loss of metal and stress corrosion cracking::

The primary system is built of corrosion resistant
materials, mainly stainless steels. These stainless
steels have very low corrosion rates; but they are
susceptible to stress corrosion cracking (SCC).
Therefore,.special limits on chloride ‘must be
strictly adhered to in order to avoid conditions
that might lead to stress cracking.

Other parts of the plant use less corrosion
resistant materials such as low alloy steels in the
steam lines, turbine, and condenser. The
corrosion products released from the large
surface areas of these materials must be removed
from the feedwater before it enters the reactor
vessel in order to minimize the amount of
material carried to the reactor which could deposit
on heat transfer surfaces of the fuel, and foul
critical flow areas. Reducing the amount of
material that enters the reactor vessel also helps to
minimize the amount of activated corrosion
product (crud) buildup in primary -system
locations out of the core area. Thus the principal
emphasis in a BWR system is placed on the
removal of impurities from the water cycle rather
than on treatment of impurities already in the
operating system.

1.9.1.2 Control Parameters

The BWR cycle water environment is based on
neutral high purity water chemistry. Some
pressurized water reactors (PWRs) and fossil
fueled plants employ a basic pH environment
using various chemical additives to control

'and reliable.

conditions. The use of-high purity neutral pH
water environment in BWRs greatly simplifies
and facilitates the monitoring of system chemistry
conditions. The primary monitoring parameter is
electrical conductivity (specific conductance).
Conductivity instrumentation is relatively simple
Conductivity is defined as the
reciprocal of the resistivity. The units of
conductivity are mho/cm. Since the conductivity
is very low in a BWR, conductivity units of 10-6

‘of a mho/cm or pmho/cm are used. Conductivity

of theoretically pure water at 25°C-is 0.054
umho/cm. Several process streams in the BWR
cycle approach the theoretical minimum value.
Conductivity measures dissolved ionic species
in the water and, since the water in a BWR is of
very high purity, the conductivity value allows
estimation of the maximum values of other
chemical parameters. Thus conductivity provides
a simple cross-check on chemical test results and
instrumentation.

A second important monitoring parameter is pH,
mathematically defined as the reciprocal of the
logarithmh of the hydrogen ion concentration or

pH = -log[H+].

where [H+] is the concentration of H+ ions in
equivalents per liter. Neutral water has a pH of 7
derived from the physical fact that, at a given
terhperaﬁ;re, a finite number of water molecules
will dissociate into H+ and OH- ions. For water
at 25°C, the dissociation constant is K = 10-14,

K = [H+][OH"]

Figure 1.9-2 shows the relationship between
conductivity and pH at 25°C.

The nonnai opel*ating limit for the reactor water is
1 pmho/cm, at which point the pH must be
within the range of 5.6 to 8.6. If the
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.conductivity is above the normal operating range

of 0.2 to 0.3 pmho/cm, something is wrong:
either the input is high or the cleanup system is
not removing soluble species as it should.

If conductivity is known, pH can be inferred. As
shown in Figure 1.9-2, as the conductivity
becomes lower, the possible pH range becomes
small and approaches a yvalue of 7 at 0.054
umho/cm. . Since.-the feedwater has a
conductlvxty approaching the. theoretical
‘minimum, there is no need to measure its pH. In
the -reactor water, with a conductivity of >1
pmho/cm, the possible pH range gets broader
and should be checked. )

There is no possible combination of acids, bases
or salts that can give a point below the curve,
thus the indicated impossible region in Figure
1.9-2. -

Chloride concentration is a third important
parameter in BWR chemistry because of the
relationship of chloride to stress corrosion
cracking in stainless steels. . There is no
continuous monitor . for chloride, so these
analyses must -be made in the lab on grab
samples. However, conductivity provides some
assistance. Figure 1.9-3 is a plot of conductivity
versus chloride concentration. For any,given
low conductivity, the maximum sodium chloride
concentration is indicated because the curve is
based on sodium and chloride ions being the only
conductive species present. .
Conductivity, pH, and chloride are the three most
important chemical parameters in the chemistry of
the BWR..- Some other parameters -which are
routinely,monitored are: . VLRI

ra s

* dlssolved oxygen in the reactor water

*  insoluble iron, sometimes referred to as insol-

ubles or turbidity (generally -measured by
filtration and laboratory analysis of the filters)

_.oxygen monitored in the feedwater by means
of agalvaniccell  ;: -.
silica monitored because it is-an early
warning of anion demineralizer breakthrough
boron checked to ensure that-the Standby
Liquid Control System (Section 7.4) is not
leaking

-1.9. 1.3 System Chemlstry Levels sooon

_This sectlon covers the 11m1ts placed on-: the
various parameters which are monitored-and
controlled in a BWR system and the interplay of
various system components. -'* -

: : y - ,
A general. set of chemical levels is shown in
Table 1.9-1. Refer also to Flgure 1.9-1 durmg
.the following discussion. ; L

"t -

.The corfcentrations_ are readily achievable with
properly operated plant-equipment. - Through
filtration and -ion exchange in the condensate

-demineralizer system, a marked improvement is
seen through the feedwater system. - ‘

The reactor vessel is the single most important
part of the primary system, for-it is here that the
fuel and other critical nuclear components are
Jocated. The feedwater enters the reactor vessel
through a feedwater sparger and is heated to form
,Steam as it is pumped through the core. . The
.amount of reactor water inventory in the pnmary
system seems large but actually represents only 3
-to 4 minutes’ worth of steam production. Thus,
‘the reactor water is boiled 15 .to 20 times an hour.
JImpurities present in the feedwater remain behind
in the reactor water when it turns to steam. -,
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The only way to remove the- impurities is
carryover, which is negligible, or to'employ the
cleanup system. If the cleanup system flow is
1% of the feedwater flow and cleanup system is
100% effective, then for a truly soluble material
or one that will stay suspended or dispersed, the
reactor water concentration will be 100 times the
concentration of this same material in the
feedwater. This holds true for solubles such as
sodium chloride or sodium hydroxide.

Corrosion products (iron and copper), however,
do not follow this same rule because they do not
stay dissolved or suspended in the reactor water.
Instead, the corrosion products in the feedwater
quickly disappear from the reactor water. They
are insoluble and about 90% deposit on surfaces
such as pipe walls, fuel, other core components,
and crud traps. Only about 10% of the input
remains suspended long enough to-be removed
by the cleanup system. The importance of this is
that the levels of ionic materials in the reactor
water can be measured by conductivity (Figure
1.9-3) and are related to the input rates.” The crud
levels in the reactor water are no indication of
how many corrosion products are being put into
the system or of the problems this input will
cause. The input of metals must be measured in
the feedwater.
Oxygen limits in the reactor water do not show
the 100 concentration factor for several reasons.
Being a'gas, oxygen is continuously leaving the
reactor vessel with the steam and is removed
fiom the ‘condenser through the steam jet air
ejectors. Note the high levels of oxygen in the
steam.” ‘The increase of oxygen in the reactor
water ovér-that in the feedwater is due to the
radiolytic decomposition of water in the high flux
of the core.. The high oxygen limit of reactor
water at-depressurized conditions represents
saturated conditions for water in contact with air

(i.e., reactor vessel head removed for refueling
and maintenance).-

The reasoning behind the several sets of limits
for reactor water comes from the fact that
chlorides can induce stress corrosion ¢racking in
stainless steels. The relationship of chldride
stress failure as a function of both chloride and
oxygen is shown in Figure 1.9-4. During
operation; the oxygen level of the reactor water is
about 0.2 to 0.3 ppm which indicates 1 ppm
chloride is an"acceptable limit for a short period
of time. During startups or when stearning rates
are less than 100,000 Ib/hr, the oxygen levels in
the reactor water can rise to several ppm, and
the chloride limit under these conditions is 200
ppb. Additional information on SCC has dictated
that the minimum short term chloride should be
reduced to 0.5 ppm during operation and 100
ppm during startup.

Reactor water limits imposed by fuel warranty
and technical specifications can be maintained
only by imposing strict limitations on the level of
impurities in the reactor feedwater. The reactor
vessel acts as a big concentrating pot- to
concentrate féeedwater impurities by a factor of
100. Therefore, to meet the normal operating
limit of-200 ppb for chloride in the reactor, the
feedwater must contain 2 ppb or less. Since this
is well below the normal analytical level of
detection, it is necessary to rely on the reactor
water measurements to show that the feedwater is
within specification requirements. This is the
only indirect measure of feedwater quality.

To achieve the recommended parameter levels in
the vessel shown in Table 1.9-1, the normal
limits imposed on feedwater quality are as
follows:
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. - Conductivity <0.10 pmho/cm -
- Metals . - <15 ppb, no more than 2 ppb Cu
-Dissolved O, >20 ppb <200 ppb
Chloride -. Level shall be such that reactor
water limits are met.
. Because metallic corrosion products are insoluble
- in the reactor, a strong effort must be made to
_minimize their inputs. For an 1100 MWe plant
operating at:the limit of 15-ppb of corrosion
products in the feedwater, the input can-reach
1800 Ib/yr. Once deposited in the reactor vessel,
the only removal methods are: - departure when
-fuel is replaced every. 12 to 18 months or
. deposition on primary system surfaces such as
.piping and recirculation pumps where it can
- contribute to radiation zones. -
Installed plant chemical systems provide_ the
-means of mmrmrzmg 1mpur1ty inputs to the
_reactor vessel. . - |

1.9.1:4 Plant C’hemical Systems

The plant components responsible for producing
high quality feedwater are the condensate
demineralizers (sometimes called polishers). The
‘primary functions of the condensate demineral-
izers are to act as a barrier for the reactor against
condenser tube leakage; and to minimize the
- input of metallic materlal from the feedwater
system R A .
There are presently-two types of condensate
demineralizing systems available: deep bed
systems which use bead type ion exchange resins
-and | powdered : resin -systems. which use
pulverrzed resins precoated onto nylon fiber or
stainless steel filter septa L

t - .
.- . - - A A

Ion exchange is the basic chemical operation for
removing soluble chemical species in both types

of units. The resins are composed of reactive
_sites fixed to a chemical chain structure. - -
For cation resins, the reactive sites are negatively
charged radicals which normally hold H+ ions.
-In the ion exchange process, the H+ ions are
given up for a .positive ion which binds itself
tighter to the resin than the H+. .

For anion resins, the reactive sites are positively
charged radicals which will give up the OH- ion
to collect other negative ions.” Thus if an ionic
solution is allowed to flow through a mixed resin
bed, both posmve and negatlve 1ons in that
solutlon are collected by the resin. )
Two points can be made about these reactions.
The result of the cation- exchange -is frée
hydrogen ion (H+) and the Tesult of the anion
-exchangeis free hydroxyl ion-(OH- ) which
combine to give water (HZO) The ion exchange
-process is also reverslble, allowmg the chermcal
“regeneratlon ‘of the resms L
Another important principle ‘of ion exchange is
that resins exhibit a selective affinity of ions in
- solution. “The' relative ‘selectivity for various
* cations and anions is'shown in Table 1.9-2. The
- strongly held jons are at the' top ‘of each column;
‘the weakly held ions are at the -bottom. ‘In
-general, an ion will replace any-ion “which is
“below itself- in relative affinity. - Since the
‘hydrogen ion and the hydroxyl ion are'near the
"bottom of each respective column, most cations
replace the posmvely charged hydrogen ions and
‘most anlons rep]ace the- negatlvely charged
hydroxyl ions. - The "resins, therefore are
rechargcd with hydroxyl and hydrogen ions.
" The fact that water is formed from the 1ons palrs
1salsoxmportant T e T3 RS .

-
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Fluoride is low on the selectivity listing and leaks
through the condensate demineralizer resins of a
boiling water system more rapidly than other
anions. Chloride will replace hydroxyl, but it is
not held as strongly as some of the other anions;
thus,.if strict chloride control is required, care
must be used that the resin is not depleted to the
point where other ions displace chloride.
Fortunately, iodide such as fission product I-131
is easily removed by resins.:

1.9.1.5 Deep Bed Demineraliaers

Deep bed condensate demineralizer systems are
used on all saltwater cooled plants in which the
added ion exchange capacity is necessary for
protection against condenser- cooling water
leakage. Resins are loaded as regenerated mixed
resins into spherical or cylindrical tanks (150 to
200 ft3 resin per tank). A typical spherical tank
is shown in Figure 1.9-5.

Two factors limit the Iength of the operating cycle
of a bed: exhaustion of ion exchange capacity and
reduced flow because of pressure drop due to
crud buildup in the resin bed.

In the absence of condenser leakage, pressure
drop becomes the limiting factor. Resin bed
performance is optimized by a combination of
ultrasonic cleaning and chemical regeneration.
Ultrasonic cleaning is a mechanical cleaning
process that removes the suspended particles or
crud which have been collected in the resin bed.
Since no chemicals a'reJused\ in this cleaning
- process, the radwaste generated in this process is
relatively easy to process. Ultrasoruc cleaning is
used when the pressure drop across the bed is
excessive. but the ion exchange capacity is
adequate In a normally operating BWR, several
ultrasonic cleamngs are performed on resin
before it is necessary to chemically regenerate the
bed.

When the ion exchange capacity of the resin bed
is depleted, -a more “involved chemical
regeneration process is required. In this process,

the cation resin beads are subjected to a strong

acid solution and the anion beads to a strong
basic solution. The H+ and OH- ions replace the
impurity ions at the reactive sites and the.ion
exchange capacity of the resin is restored. The
strong acid (H;SO4) or base (NaOH) solutions
are, however, difficult to process in the radwaste
systems.

The advantage of a deep bed system is that its
relatively large ionic capacity provides the margin
required to allow an orderly plant shutdown
following a significant condenser tube leak.’ The
disadvantage of the system results from the large
volumes of concentrated spent regenerant
solutions plus the volumes of rinse and transfer
water associated with each resin regeneration
cycle. These large volumes must be treated in the
plant radwaste system before disposal or return
to the cycle.

1.9.1.6 Powdered Resin Filter
Demineralizers

Another type of condensate demineralizing
system which is used in fresh water cooled plants
uses powdered resin filter demineralizers.
Powdered' resin systems basically consist of
ground up mixed bed resins which are precoated
onto a filter system, much the same as for a
conventional precoat filter. >

The quantity of resin used in such a system is
small compared with that used in the deep bed
system. ' Because of the lower ionic capacity of
powdered resin systems, they are not used’ for
feedwater purification where saltwater condenser
cooling is employed. Powdered resin beds do
not afford the reactor protection needed following
the start of a saltwater condenser tube leak. The
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.powdered resin system does, however, provide
suitable protection for small leaks in a fresh water
plant. -+ < ¢ ¢
One of the advantages of the powdered resin
system is that liquid radwaste requirements are
lower because the resin is not regenerated or
-cleaned but is discarded and placed in barrels
after use. Another advantage is that the finely
ground resin constitutes a much better filter than
deep bed resin. Powdered resin also affords a
great deal of flexibility-in that it can be mixed
with a chemically inert filter medium to improve
filtering characteristics or it can be mixed with
variable cation-to-anion ratios in order to
selectively remove specific ions.
A typical filter element (Figure 1.9-6) consists of
nylon wound over a stainless steel center
element.. Six'1 foot long elements are normally
used to make each individual septum. Each filter
unit contains about 300 of these 6 foot long
septa. -Other designs employ fine screen or
textured wire wrapped stainless steel septa.

o AP T .
The resin precoat has a maximum thickness of
approximately 3/8 inch with much thinner layers
in some areas. In contrast to a deep bed
demineralizer system, -which operates at 50
-gpm/ft2, a powdered resin-unit is designed-to
operate at about 4 gpm/ft2
A deﬁmte advantage of the powdered resin
system is that insoluble removal efficiencies are
better than corresponding deep bed efficiencies.
Powdered resin systems in many cases remove
‘more than 90% of the insoluble material.
However, there are always thin resin layer areas
that have very rapid ionic breakthrough. "As a
'result, effluent conductivities are not as good as
those for deep bed plants.

k4

Representative breakthrough curves for the deep
bed and powdered resin systems are shown in
Figure 1.9-7. : For the deep bed:system, little

.leakage is expected until a good deal of the availa-

ble capacity has been exhausted; whereas, for
powdered resin,  _the . breakthrough _is
approximately linear with -percent resin
-exhaustion. This linear breakthrough
characteristic occurs because there are areas of

- very 'thin resin layers which become exhausted

almost immediately. . This initial starting point for

.powdered resin :systems depends-upon the

evenness of the individual precoats. . The curves

-shown are only approximate and should not be
_construed as actual data. ) .

Operatlon of a powdered resin system is
somewhat simpler than a deep bed .system
because no resin cleaning or regeneration is
required. Resin precoats -are used for one
operating cycle and -are disposed of as solid
-wastes.

Powdered resin filter demineralizer systems are
equipped with fine mesh strainers downstream of
each polisher unit. These strainers will intercept
gross quantities of powdered resins in case of a
septum failure or other loss of the precoat. The
strainers will do little to stop a small number of
resin particles moving individually in the effluent
stream. The present design for all Reactor Water
Cleanup (RWCU) Systems include powdered -
resin demineralizers operating at reactor pressure.
Performance of the powdered resin units has
been satisfactory. ' Cleanup units-are physically
smaller than the powdered resin condensate
-polishers because they treat a smaller quantity of
‘water per unit of time. -1~ " .-

oL . ) <
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1.9.2 BWR Radiochemistry

ks
i

The preceding discussion of BWR. plant
chemistry has established the reasons for and
application of the selected chemical environment.
The radiochemistry of the BWR results from the
nuclear aspects of the cycle, is compatible with
the selected chemistry, and has little or no effect
on the selected environment. The radionuclides
in the cycle do provide an additional analytical
tool which in many cases facilitates chemical
control. However, the plant radiochemistry is
most important from. the standpoint of
understanding radionuclide sources and how
these nuclides can be controlled to-meet plant
access needs and regulatory requirements.

1.9.2.1 Coolant Radiochemistry

There are three classifications of radionuclides
associated with the coolant. These are activation
products of the coolant, corrosion products from
materials of construction, and fission products
from " the- fuel materials. Each of these
classifications is discussed separately.

Activation products are formed when a stable
nuclide absorbs a neutron or experiences another
nuclear reaction that results in the atom being
formed in an unstable state. Energy in the form
of alpha rays, gamma rays, x-rays, electrons, or
positrons emitted from the unstablé nuclide is
termed radioactivity. ’

1.9.2.2 Activation Products of Water
In the high flux of the reactor core, the coolant
water molecules are broken down, and a fraction
of the component atoms become activated. Since
the disassociation products have been discussed
earlier, only the activation products will now be
covered.

The important activation products of water are
nuclides normally ‘considered as gases. In the
reactor, these products are distributed between
the gaseous (steam) and liquid phases (e.g.,
nitrogen-16 (N-16) and nitrogen-13 (N-13) are
two principal coolant activation products).

The most common activation products of water
are listed as follows:

T

Half-Life

Nuclide Formation
Mechanism
N-16 7.1 seconds O16(n, p)N16
O-19 29 seconds O!3(n, y)O!9
N-13 . 10 minutes O16(p, a)N13
F-18 .110 minutes O13(p, n)F18
H-3 (tritium)  12.33 years H2(n,y)H3 and
tertiary fission

This table also indicates the formation mechanism
of the nuclides in the standard notation which
allows us to trace these displacements on a chart
of the nuclides:

The more volatile constituents are carried with the
steam phase and are removed with the condenser
offgas. Since the. half-lives of the water
activation products are relatively short, most of
the activity formed decays away within the
reactor or offgas before being released from the
plant. The production rate of the activation
products of water is nearly proportional to the
power level of the plant. The quantity of energy
associated’ with- a particular mode of
disintegration is expressed in MeV or KeV
(millions or thousands of electron volts). For
example, the 7.1-second N-16 nuclide has a 7
MeV gamma radiation. This high-energy gamma
is responsible for most of the radiation field from
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_the .turbine -which is sometimes referred to as
"turbine shine.” - It is also the primary source of
radiation assoc1ated with steam piping.

1.9.2.3 Activated Corrosion Products

These radionuclides are typically soluble and
- insoluble materials which have been corroded
from the turbine condenser, feedwater piping,
feedwater heaters, and reactor system
- components. These materials are transported into
-the flux zone and become activated while
. mrcu]atmg through the core or whlle plated out
on surfaces in the core area.

.Some of these materials remain on the heat
transfer surfaces, some are removed by the
Reactor Water Cleanup System, and a small
- fraction become part of the out of core deposits.
Reactor water leakages and controlled rejections
can _introduce these products to the radwaste
system-where they contribute the bulk of long
-lived radioactive waste processed in the nuclear
plant. The fraction of these products which
- deposit out of core become a major portion of the
radiation -field ‘during - primary system
. maintenance. - < oy
Several ‘of - the most commonly, activated
-corrosion products .and the production
.mechanisms are listed in Table 1.9-3.- -Along
_with fission products, the longer lived corrosion
.products are the common-nuclides which the
chemist must keep in inventory, since these
_nuclides will make up a large contribution to the
-waste that will be eventually discharged from the

plant. . . T A

~v¥'

.1.9.2.4 Fission Products
The third-important group that can contribute to
the total plant radioactivity consists of the fission

products.* The distribution of specific fission
products released from fuel imperfections is
studied to evaluate the condition of the fuel. An
extremely important concept to remember is that
the inventory of fission products in the fuel is
large but, even with severe fuel defects, only a
very minute fraction of this mventory is released
to the coolant. :
; The relationship between the fission yield and the
. mass number for the fission products of
_uranium-235 (U-235) is shown in Figure 1.9-8.
The two peaks represent :the most probable
products formed upon fissioning or splitting of
the U-235 nucleus. The products that have the .
higher fission yields are normally. the nuclides
that are significant to the power plant
radiochemist. Note that several radioactive
nuclides of each element exist and the sum of all
independent yields totals 200% since there are
two nuclides produced for each fission. The
maximum yield in each of the peaks is
approximately 6% and the halogens and noble
gases are prominent in both peaks.
The fission products can be subdivided into
groups by chemical and physical behavior.
These are the iodines, the noble fission gases, the
particulates from the fission gases, and the
.soluble and insoluble fission-products. These
_materials are released through defects in the fuel
rod cladding. Additionally, small amounts of
fission products are released from the tramp or
 impurity uranium in the cladding. : - |
Iodine...

_There are five iodine isotopes with half-lives
greater.than_ 85 seconds that .are detectable.
These are listed as fo}lows: . -

. USNRC Technical Training Center Cs
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Nuclide  Half-Life Chain Fission
Yield (%) ‘

I-134 52.3 minutes 7.176
1-132 2.28 hours. 4.127
I-135 6.7 hours 6.386
I-133 20.8 hours 6.762
I-131 8.06 days 2.774

The production rate in PCi/s and the relative
distribution of the iodine nuclides help the trained
observer to evaluate the integrity of the fuel
cladding. Because of the volatility of the iodine,
a fraction of that produced will be transferred out
of the reactor vessel " with. the steam.
Radioiodines that escape the cladding and enter
the coolant are removed by three means:

* decay in the reactor water

* removal in the Reactor Water Cleanup
System

* conveyance with the steam to the hotwell and
then removal in the condensate
demineralizers

Noble Gases

There are 22 noble gases (xenons and kryptoné)
resulting’ from the. fission of U-235 which must
be summed for release reporting.

These gases are prominent in the peak regions of
Figure 1.9-8 as relatively high yield fission
products. The half-lives of the 22 noble gas
nuclides range from less than 1 second to more
than 10 years. Because of certain characteristics
of the 22 isotopes (i.e., half-life, fission yield,
and energy of gamma rays emitted), only six
major noble gas nuclides are shown in Table 1.9-
4. These gases are reported as the sum of the six
nuclides.

Iodines are measured in the reactor water but the
life cycle of the fission gases is different because
of

* release from the fuel via a cladding defect to
the primary coolant

* transport with the primary steam through the
turbine to the condenser

* removal from the main condenser by the
steam jet air ejectors along with gases from
radiolytic decomposition of water and air
inleakage

* processing before release to the outside
environment to reduce activity content

Such processing may include extended holdup

"via compression,- adsorption on charcoal, or

cryogenic processing. Since atom quantities are
being considered, these fission gases contribute
essentially nothing to the volume of the radiolytic
gas and air inleakage. Fission gases also have a
tendency to spike following large pressure
increases or decreases. The fission gases are
used as the basis for the evaluation of fuel
integrity and also must be routinely quantitatively
measured in‘order to ensure that site release limits
are being met.. An important concept is that
offgas release rates are normally determined by
the sum of six nuclides’ as measured at the air
ejector, whereas stack releases refer to all 22 of
the noble gases. Relationships have been
developed which combine the sum of the six at
the air ejector and the holdup time to arrive at the
sum of 22 noble gases. The amount of these
gases at the air ejector that are released to the
stack depends on the amount of decay before
discharge. Where recombiner charcoal systems
are employed, of the six nuclides, only xenon-
133 (Xe-133) gives a significant contribution.

USNRC Technical Training Center
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‘There is one long lived fission gas that will

continue to build up in the environment for many
years and that is krypton-85 (Kr-85) which has a
10.76 year half-life. However, smce most of the
" Kr-85, like the other fission gases remams in the
“ fuel, it will'not be released until the fuel is
reprocessed.

a

" The reléase rate of each individual nioble gas ~

3

isotope can be expressed by the following
empirical relationship:

»

Afyi =K7Lbfor the hhclides ciiscussed (six

.-noble gases at the air ejector)

v

A arelease rate in uCUs of individual nuclide

- Y = fission yield

A =decay constant

s 3
-5 N e
sLat - . - 14

K = dimensional constant related to the level of
release

b = unitless constant establishing the relatlve

’ amount of each nuchde

- Of these factors; A is routinely determined by the
-" plant chemistry staff: The factors Y-and ] are

“established radiochemistry constants for each

nuclide. These three parameters can be used to
p]ot the log [A/(Y A)] versus log A to obtain an

. approxlmate stralght lme relatlonshlp for the

several nuclides. ~The slope of this plot can ‘be
. correlated with the type of the release “The three

. Classic ‘modes of defimng ﬁssxon gas release are

""USNRC Technical Training Center ;

known as recoﬂ equ111br1um, and diffusion.
" Each of these -modes 1s charactenzed m the
sections that follow.

: claddlng fallures
. only from U0, fuel material in direct contact with
- the coolant, the release is linearly proportional to
. core power. . t.

- termed equilibrium release.
. release, there is'no direct contact between the

Recoil = . .

¥ .-
- » - . T E
. LY - H A

- The recoil .pattern of release is typical of tramp
- .uranium which has plated out on core internals or

-fuel. surfaces.
. characterized by the.release of the fission

.This type .of release is

products to the coolant upon formation (i.e.,
. there is no delay between the fission event and
release of the fission product).. .Thus, the
_spectrum of nuchdes observed is that determmed
by the fission product yield distribution.

The plot of log [A/(Y A)] versus log 1 for the
noble gases results in a straight line of zero

. slope. This is the characteristic of a recoil release
- plot. Figure 1.9-9 plots representative data. In

recoil releases, iodine nuclide data are also used
in the evaluation, and the release rate is plotted

on the ‘same scale as the noble” gases (ATY A

versts A 1). Smce there is no delay or holdup of
the fission products to skew the Telease toward
longer half-life isotopes, the iodine plot should

_coincide i in magmtude and shape W1th the noble
gases P

A R}

Release rates assoc1ated w1th recoxl release can
_vary from <100 qu/s because of core 1mpunt1es
dunng startup’ and early operatlon to several
hundred thousand pCi/s with loss of UOZ to the

. coolant and core surfaces resulting from severe
Since recoil Jrelease results

- v -

[ S A

i;Z(iuilibrium .

The fission product release from very small, or
pinhole, perforations in the fuel cladding is
.- In.this type of

. 1.9-11
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coolant and the UO; fuel material. The fission
product gases are held up or delayed within the
fuel material and cladding body until the gases
diffuse to the pinhole defect point. Because of
this delay after the fission event, thé release
products show a dominance of longer lived
nuclides over the shorter lived- ones which
undergo some decay within the fuel. The plot of

log [A/(YMA)] versus lrog' 1 reveg.ls major

differences from the recoil pattern (Figure 1.9-
10).

* The slope of the line is approximately 1
showing a swing toward the longer lived
nuclides.

* The iodine nuclide plot is considerably below
that of the gases (10 to 500 times), but with a
similar slope.

This lowering of the iodine hne as compared to
the recoil ‘plot is primarily the result of
differences in the chemical reactivity
characteristics of the iodines as compared to the
gases Somie of the iodines will leave a pinhole
leak asa gas or vapor; a major portion, howcver,
w1l] remam in the fuel matenal

Some fuel defects yield an ‘equilibrium release
" that increase exponentially with increased power;
others yield releases that are nearly linear with
power.' The total equilibrium offgas release from
the core can be quite high (100,000 to 200,000
nCi/s); the individual release from each defect,
however, may be quite small.

Diffusion

The pattern between recoil ‘and equilibrium is
termed the diffusion type and is typical of large

cladding defects in which the UO; column in the
rods is eng‘ged to the coolant.

The slope of the A/Y A versus A for a diffusion

mixture is 0.5 (Flgure 1.9-11), and the iodines
usually match the gases.

The release rate per defect of a diffusion type is
greater than that with an equilibrium distribution,
and the release rate is always exponential with
power.

During startup and early stages of core life, a
well defined recoil pattern is usually expenenced
After initial plant operation, a sharp increase in
offgas release is usually found to be a clearly
defined equilibrium mixture. This is to be
expected, since recoil is steady or decreasing
with time and any minor cladding defect releases
an aged mixture from rod inventory. Atelevated
release rates, a mixture of equilibrium and
diffusion patterns is generally experienced. The
separation and evaluation of the respective
contributions becomes a very complex task.

Fission Gas Daughters

The particulate fission products resulting from

the decay of the fission gases are commonly
referred to as particulate daughter products of the
fission gases. Some of the more important par-
ticulates and their respective precursor gases are
given in Table 1.9-5.

Since the pdrﬁchlates are formed with the gésres

in transit,” these nuclides are distributed
throughout the plant system steam piping,
hotwell, 6ffgas pipe, etc. A filter located in'the
Offgas System (after the holdup pipe) is desxgned
to remove these particulates before their release to
the stack or inlét to the charcoal system.

USNRC Technical Training Center
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The efficiency of these filters is routinely
measured with the aid of particulate nuclides.

The nuclide of primary concern in this group is
the strontium-90 (Sr-90) isotope with its long
half-life and daughter product, yttrium-90 (Y-
90), which emits a very high energy B particle.

Soluble and Insoluble Fission Products

This group of fission product nuclides remains in
the primary system (i.e., they are not carried in
the steam vapor phase). A representative number
of the more important fission product nuclides in
this classification is given in Table 1.9-6. Where
two nuclides are shown together, a
parent/daughter relationship is indicated. At
equilibrium, both nuclides are always present.

The soluble species are removed in the cleanup
filter demineralizers by ion exchange, and a small
fraction of the insoluble species is removed by
the filtration. However, a fraction of the
insoluble species is deposited on primary system
surfaces which contributes to out of core dose
rates. This classification of fission products
becomes particularly important in a plant with a
significant recoil fission product source.

1.9.3 General Electric Fuel Warranty
Operating Limits (FWOL)

The FWOL is an integral part of the General
Electric Company's (GE's) fuel supply contract
with a utility. The document defines and
specifies operating limits and requirements such
as heat flux,water quality, and fuel handling to
ensure the fuel is able to meet its warranty
exposure.

Historically, there were initially few fuel
warranties. There were some limits on local

power and suggested reasonable water chemistry
- limits. One of the early reactors, Humboldt Bay

3, started developing large amounts of crud on
. the_fuel. This prompted GE to start specifying
. water quality limits in order to keep crud levels

down. P - e

T

Reactor water and feedwater characteristics and
impurity limits are imposed so that a suitable
chemical environment is provided. These
characteristics and limits, as well as sampling
frequency, are compiled in Table 1.9-7. The
limits are presented for all levels of reactor
operation as nominal limits. Also provided are
maximum limits that are acceptable for brief
periods of time. When an operating value is
outside the nominal limits, steps must be taken to
correct it as soon as practicable, within the
permissible cumulative time interval allowed
above normal limits.

Quality limits specified in Table 1.9-7 cover both
reactor water and feedwater. High
concentrations of insoluble materials in the
reactor water are essentially due to feedwater
impurities. Overall emphasis, therefore, is
concentrated upon feedwater purity. Water
conductivity, measured in both water systems, is
the controlling property.

1.9.4 Summary

BWR reactor water is maintained in a high state
of purity, without any chemical additives to:

* Limit corrosion of reactor materials

*

Limit fouling of heat transfer surfaces
*  Minimize activation of corrosion products

*  Minimize coolant radionuclide levels

USNRC Technical Training Center 1
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Water purity is maintained by limiting corrosion
product input to the reactor and continuous
cleanup of the reactor water. Conductivity and
chloride ion content are monitored to detect water
chemistry that is off standard.

USNRC Technical Training Center 1.9-14 . o Rev 0196
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TABLE 1.9-1 BWR WATER CHEMISTRY

Iron Copper Chloride Oxygen (tmho/cm at | pH at
250 C)F 250C
Condensate 15 to 30 3t05 <20 <20 0.1 7
Condensate 5t015 <1 0.2 20 to 50 <0.1 7
treatment
effluent
Feedwater Stol5 <1 0.2 20t0 50 <0.1 7 "
I Reactor 10 to 50 <20 <20(200)* 100 to 300 021005 7(5.6-8.6)*
water - (O*
Normal
Operation
Reactor water <20(100)* <1 (1)* 7
Shutdown
Reactor <20(100)* <1(1)* 7
water -
Hot standby
Reactor <20(500)* 8,000 <2(10)* 610 6.5
water - (5.3-8.6)*
Depress-
urized
Steam 0 0 0 10,000 to 0.1
30,000
Control rod 50 to 500 <20 <8,000 1 6
drive
cooling
water**

Concentrations, ppb

*  Typical Technical Specifications Limits
** This water may be close to air-saturated demineralized water in which the conductivity and pH
are primarily due to absorbed carbon dioxide gas from the air.
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Table 1.9-2 RESIN SELECTIVITY

Cation Resin Anion Resin
Fe+++ I-
Ba++ NO3-
Sr++ Br-
Ca++ HSO4-
Cut++ Cl-
Zn++ HCO3-
Ni++ 103-
Co++ Si02-
Fe++ OH-
Mg++ E-
Ag+
Ti+
Cu+
Cs+
Rb+
NH4+
K+
Na+
H+
Li+

USNRC Technical Training Center 1.9-17 Rev 0196
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TABLE 1.9-3 ACTIVATED CORROSION PRODUCTS

Nuclide Half - Life Formation Mechanism
Cr-51 27.8 days CrS0(n,Y )Cr5!
Mn-54 312 days Fe34(n, p)Mn>4
Mn-56 2.58 hours Fe56(n, p)Mn56 and Mn55 (n, ¥ )Mn56
Fe-59 45 days Fe58(n, ¥ )Fe59 and Co59(n,p)Fe>?
Co-58 71 days Ni58(n, p)CoS8
Co-60 5.24 years Co5%(n,Y )Co®0 and Nif%(n, p) CoS0
Cu-64 12. hours Cub3(n, ¥ )Cub4
Zn-65 243 days Znb4(n, ¥ )Zn65
W-187 24.0 hours W186(n, T YW187
USNRC Technical Training Center 1.9-19 Rev 0196
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TABLE 1.9-4 FISSION GASES

Nuclide Half-Life Fission Yield (%)
Sum of six nuclides at steam

jet air ejector

Xe-138 14.2 minutes 6.235
Kr-87 76 minutes 2.367
Kr-88 2.79 hours 3.642
Kr-85m 4.4 hours 1.332
Xe-135 9.16 hours 6.723
Xe-133 5.27 days 6.776
Other important nuclides

Xe-135m 15.7 minutes 0.05
Kr-85 10.76 years 0.27

USNRC Technical Training Center 1.9-21 Rev 0196
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TABLE 1.9-5 FISSION GAS DAUGHTER PARTICLES

Nuclide Half-Life Gas Precursor
Rb-88 17.7 minutes 2.79 hours Kr-88
Cs-138 32.2 minutes 14.2 minutes Xe-138
Sr-89 50.8 days 3.18 minutes Kr-89
Sr-90 30 years 32.3 seconds Kr-90
Sr-91 9.67 hours 8.6 seconds Kr-91
Sr-92 2.69 hours 1.84 seconds Kr-92
Ba-139 83.2 minutes 40 secondsXe-139
Ba-140 12.8 days 13.6 seconds Xe-140
Ce-141 32.5 days 1.7 seconds Xe-141
Ce-144 284 days 9 seconds Xe-144
USNRC Technical Training Center 1.9-23 Rev 0196
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TABLE 1.9-6 SOLUBLE AND INSOLUBLE

FISSION PRODUCTS
Nuclide Half-Life Fission Yield (%)
Mo-99, Tc99m 66.6, 6.0 hours 6.136, 5.399
Zr-95, Nb-95 65.5, 35.1 days 6.503, 6.505
Ba-140, La-140 12.8 days, 40.2 hours 6.300, 6.322
Cs-137 30.2 years 6.228
Sr-89 50.8 days 4814
28.9 years
Sr-90 5.935
Ce-141 32.5 days 5.867

USNRC Technical Training Center

1.9-25

Rev 0196




Warranty Limts

metallics

1

Normal Maximum
Operational Operationa
Sample Limit timt
REACTOR WATER
At Steaming Rates >1¥% Rated Steam Flow
1. Conductivity {pmho/em 1.0 £10.0
at 25°C)
2. Chloride{ppm) 0.2 £0.5
3. Hydrogen 10n 5.6 to 8.6 24410
concentration(pH) at 25°C
At Steaming Rates <1% Rated Steam Flow
1. Conductivity (gmho/cm 2.0 2.0
at 25°C)
2. Chloride(ppm) 0.1 $0.1
Nonpressurized (Reactor at or below 212°F)
1. Conductivity (pmho/cmat
25°cC) <10.0 £10.0
Chloride(ppm) £0.5 £0.5
Hydrogen ion 5.3 to 8.6 5.3 to 8.6
concentration{pH) at 25°C at 25°C
FEEDWATER
Operation >50% Rated Power
1. Metallic analyses -
filtrate {ppb)
a. Fe s15.0°  2.0°
b. Cu $2.0° $2.0°
c. Fe.Cu.Ni.Cr as.0°  <s0.0
2. Metallic analyses -
filterable solids(ppb)
a. Fe <15.0°
5 5
b. Cu £2.0 £2.0
c. Total filterable <15.0% <50.0°

Internal
Allowed Above
Normal Limits

————

14 days/
12-mo-period

14 days/

12-mo period

24 hours

(continuous)

14 days/
12-mo period
14 days/
12-mo period

14 days/

12-mo period

Sampling
Freguency

Contmuous1y1'6

Dai1y2'3

Every 4 hours
when conduc-
tivity 21.0
pmho/cm

Contanuously"

Dai1y2'3

Contmuous]y"6

Daily2

Every 4 hours
when conduc-
tivity 22.0
pmho/cm

Weekly
Weekly

Monthly

Weekly
Weekly
Veekly

Sampling
Method

Conductivity
probe-recirc
or C.U. loop

Grab sample-
recirc or C.U.
loop
Flow through
cell-recirc or
C.U. loop

Same as at

rated pressure

Same as at
rated pressure

Downstream
continuous
feedwater
Millipore
sampling loop -
jon exchange

Millipore filter-

continuous.
Filters changed
each 1-7 days

TABLE 1.9-7 MEASUREMENTS TO DEMONSTRATE OPERATION WITHIR FUEL WARRANTY LIMITS
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Normal Maximum Internal
Operational Operational Allowed Above
Sample Limt Limit Normal Limits
d. Chemical balance of
one week composite
sample
3.  Oxygen{ppb) 20 to 200 £200 14 days/
12-mo period
Operation <50% Rated Power
1. Metallic wmpurities
filtrate and solids £15.0 £100.0 14 days/
{ppb) 12-mo period
Condensate Demneralizer Effluent
1. Oxygen(ppb) 220.0 £200.0 14 days/
12-mo period
2. Conductivity (pmho/cm at
25#C) 0.1 £0.2 4 hours/

NOTES

occurrence

Sampling Sampling
Frequency Method
' Quarterly
Contlnuously6 Oxygen analyzer
probe before the
outboard isola-
tion valve (after
last heater)
Same as at
>50% rated
power
Contlnuously‘ Oxygen analyzer
probe after the
condensate
demineralizer

Contxnuously1'6Conductivity
probe

1. Calibrate weekly with laboratory cell placed in stream or compare cleanup tnput reading

with recirculation reading.

against laboratory cell monthly.

If comparison method is used calibrate one of the monitors
Report date of calibration.

2. If chemstry personnel are Vimited to 5 days/week coverage, weekend and holiday readings
may be omtted except in cases of operation within the maximum operational limits.
3. If readings are abnormal, samples are to be drawn at 4-hour intervals unt1l the value

drops to within normal limts.

4. Warranty limt for total metallic wmpurities (filtrate and solids) is equal to or less

than 15 ppb.

5. Warranty limit for total copper (filtrate and solids) 1s less than 2 ppb.
6. When continuous monitoring equipment is i1noperative, measuring frequency is to be
consistent with Techmcal Specifications requirements.

TABLE 1.9-7 MEASUREMENTS TO DEMONSTRATE OPERATION WITHIN FUEL WARRANTY LIMITS {CONTINUED)
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